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Glyceollin is a secondary metabolite produced under stress conditions by soybean to 
act as a plant defender to pathogen attack. The antimicrobial nature of glyceollin makes it 
a promising natural alternative to antibiotics if incorporated into livestock feed. However, 
production of glyceollin is highly variable, dependent on soybean variety, and fungal 
elicitor used as inoculum. Our study compares two fungal spore elicitors, Trichoderma 
reesei and Aspergillus sojae on soybeans of diverse maturity level, and fungal 
susceptibility to determine highest glyceollin titer. Spore inoculation with T. reesei 
elicited highest glyceollin titers of 2.42±0.20 mg/g at 120 h, while A. sojae elicited 
1.45±0.49 mg/g at 96 h. Additionally, our results demonstrated decreasing trends in 
glucoside isoflavones, with increase in aglycone precursor daidzein for all soybean 
varieties. These results indicate the production of high level of glyceollin by T. reesei and 
A. sojae, which can be incorporated into livestock feed as a natural antimicrobial. 
To further enhance glyceollin production, a co-treatment of UV light and 
inoculation with A. sojae fungal spores was applied to soybeans. UV light treatment 
alone showed significantly lower total glyceollin as compared to fungal spore inoculum. 
When UV light treatment was applied for 5, 10, or 5 minutes along with A. sojae fungal 
xiii 
 
spores higher average glyceollin titers were apparent compared to the fungal only 
treatment. Additionally, the UV light and A. spore fungal treatment did not show a 
significant effect to total isoflavones when compared to fungal only treatment. UV light 
and fungal spore elicitor treatment showed higher glyceollin titer compared to 
conventional fungal elicitor treatment. This method has potential to be utilized at 
industrial scale to drive research into the antimicrobial and human health benefits of 
glyceollin.  
Aureobasidium pullulans is a morphologically diverse fungus with industrial 
significance including enzymes, and pullulan production. Sucrose is known to support A. 
pullulans growth and pullulan synthesis. Our goal was to determine if growth rate of A. 
pullulans can be enhanced by varying the level of initial sucrose concentration. Three 
batch mode of fermentations (0.25, 0.5, and 5 L) were conducted. The preliminary trials 
conducted using sucrose concentrations of 5, 10, 15, 20, 25, and 50 g/L did not show any 
significant difference in growth kinetics of A. pullulans for 24 h fermentation. After 24 h, 
cell counts, pH, and dry cell mass showed significant difference in growth rate of A. 
pullulans for 5 and 10 g/L compared to the 50 g/L sucrose. Scaled-up batch fermentation 
(5 L Bioflo) showed similar results, and significantly increased pullulan production at 72 
h for 50 g/L sucrose. These results indicated that initial sucrose concentration may not 
influence the growth rate in the first 24 h of incubation; however, it can significantly 
impact the cell viability and pullulan production capacity of A. pullulans during long term 
fermentation. Hence, high sucrose level could potentially increase the overall 
fermentation efficiency of A. pullulans for pullulan production. 
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CHAPTER I.  LITERATURE REVIEW 
 
1. Fungal Fermentation for Commercial Application 
Fermentation has been utilized for production of food, feed, and fuel for many 
decades. As advancements have been made in biotechnology, fungal strains have been 
significantly improved. Saccharomyces cerevisiae, a multi-purpose yeast, has been 
redefined for the ethanol industry by genetic engineering (Snoek et al. (2015). The 
filamentous fungi Aspergillus and Trichoderma have been engineered for high level of 
enzymes to produce energy and nutrient efficient food and feed products via fermentation 
of low cost-substrates (Lio & Wang, 2012; Tangnu et al., 1981). Additionally, 
development of new medicines is also possible using fungal fermentations. Lovastatin, a 
cholesterol lowering compound is reported to be produced by the Monascus sp. at high 
concentration on red mold rice during solid-state fermentation (Panda et al., 2010).  The 
breast cancer drug paclitaxel can be produced at cheaper price than synthetic process by 
using filamentous fungi Aspergillus fumigates during submerged and solid-state 
fermentation (El‐Sayed, Ahmed, & Al‐Hagar, 2020). These are just some examples of 
fungal processes that have led to the development of commercial products.  
1.1. Commonly Used Fungal Strains 
Fungi are commonly used to drive fermentation in both the food and fuel 
industries. Many types of fungi are used for the production of industrial products (Table 
1.1), and some of the most common include yeasts such as the species of Saccharomyces, 
Candida, Pichia, as well as filamentous fungi such as species of Aspergillus, Penicillium, 
Rhizopus, Fusarium, Trichoderma, and Mucor (J. P. Tamang et al., 2016).  
2 
Table 1.1: Fungal genera commonly used for fermentation in the food and fuel industry 
(Azhar et al., 2017; Bokulich & Bamforth, 2013; Copetti, 2019; Hymery et al., 2014; 
Karimi & Zamani, 2013; Nout & Aidoo, 2010; J. P. Tamang et al., 2016; Tangnu et al., 
1981). 
Fungal Genera Industries Products  
Saccharomyces  Food, Fuel Bread, Cereal Products, Wheat Flours, Vinegar, 
Alcoholic beverages, Invertase enzymes, 
Ethanol 
 
Candida Food  Citric Acid, Riboflavin, Alcoholic Beverages, 
Vinegar, Cocoa 
 
Aspergillus Food, Fuel Citric acid, Gluconic acid, Amylases enzymes, 
Protease enzymes, Pectinase enzymes, Lactase 
enzymes, Alcoholic Beverages, Soy sauce, 
Cheese 
 
Penicillium Food Citric Acid, Flavoring agents, Cheese, Alcoholic 
Beverages 
 
Rhizopus Food  Tempe, Amylolytic starters, Tofu 
 
Pichia Fuel Ethanol, Alcoholic Beverages, Cocoa 
 
Fusarium Food Alcoholic Beverages, Amylolytic starters 
 
Mucor Food, Fuel Tempe, Fermented rice, Cheese, Amylolytic 
starters, Tofu, Alcoholic beverages, Ethanol 
 
Trichoderma Fuel Produces lignocellulosic enzymes such as 
cellulase, hemicellulose, xylanases, and "-
glucosidases 
 
1.2. Fermented Products 
The list of fermented products commonly produced by fungi is shown in Table 
1.1. Ethanol is produced through fungal fermentation of sugar by Saccharomyces, Pichia, 
and Mucor (Azhar et al., 2017; Karimi & Zamani, 2013). Alcoholic beverages are 
produced through a similar process with malting and distillation/ or non-distillation 
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process. Examples include wine, beer, sake, raksi, bantu beer, produced by 
Saccharomyces, Aspergillus, and Candia (J. P. Tamang et al., 2016). Bokulich and 
Bamforth (2013) have described that while Saccharomyces is used primarily in 
fermentation, Canidia, Aspergillus, Fusarium, and Aureobasidium can be used in the 
malting process (Table 1.1) (Bokulich & Bamforth, 2013). Additionally, there are many 
food products produced by fermentation. Dairy products such as cheese and yogurt rely 
on microbial fermentation (Hymery et al., 2014). Throughout Asia, filamentous fungi 
such as Rhizopus, Aspergillus, and Mucor are used to ferment foods such as tofu, tempeh, 
soy sauce, sake, certain meats, and amylolytic starters (Nout & Aidoo, 2010).  
1.3. Types of Fungal Fermentation 
There are two types of fungal fermentation used in industry, solid-state and 
submerged state. Depending on the feedstock and product, both can have their advantages 
or disadvantages. Solid-state fermentation is advantageous because the same substrate 
can be utilized for a longer time, and cost is lower because water and additional nutrients 
do not need to be added. (Pandey, 2003; Subramaniyam & Vimala, 2012). Submerged 
fermentation occurs over a shorter period of time and water is added. However, by-
products can often be secreted into the water, so collection of desired products is often 
easier (Subramaniyam & Vimala, 2012).  
1.3.1. Solid State Fermentation 
Solid-state fermentation (SSF) is the use of fungal enzymes on a solid feedstock, 
in a system almost entirely devoid of free water. Filamentous fungi are especially useful 
for solid state fermentation because they are able to grow out and into a solid mass of 
feedstock (Pandey, 2003). SSF of Aspergillus and Trichoderma on soybean fiber and 
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dried distillers grains with solubles (DDGS) resulted in enhanced enzyme production by 
the two organisms, and lower fiber and increased protein of the two products (Lio & 
Wang, 2012). Filamentous fungi can also produce enzymes from  SSF of food and 
agriculture waste products such as corn cobs, compost, wheat straw, wheat bran, potato 
and banana peels, and rice hulls (Bansal et al., 2012; Silva et al., 2002).  
1.3.2. Submerged Fermentation 
Submerged fermentation occurs when nutrient source/feedstock is added to a 
large amount of water. Bacteria generally require the water environment of submerged 
fermentation, but yeast and fungi can be used as well (Subramaniyam & Vimala, 2012). 
Submerged fermentation was first heavily utilized in the production of penicillin 
(Deindoerfer & Gaden Jr, 1955). Fermentation of ethanol and alcohol products using 
yeast is a common form of submerged fermentation (Azhar et al., 2017; Bokulich & 
Bamforth, 2013). Production of lignocellulosic enzymes such as cellulases or xylanases is 
accomplished through submerged fungal fermentation (B. Mishra & Lata, 2007). 
Metabolites that are useful for medicinal purposes can also be produced from submerged 
fungal fermentation, such as benzoic acid, salicylic acid, nicotinic acid, and uridine 
(Papaspyridi et al., 2011).  
1.4. Advantages and Disadvantages of Fungal Fermentation 
Fungal cultures have a great ability to grow on a variety of feedstocks and 
agricultural wastes (El‐Sayed, Ahmed, & Al‐Hagar, 2020; Thirumavalavan et al., 2008). 
Aspergillus oryzae spore formation on substrates such as soybean hull agar, wheat bran 
agar, and rapeseed meal agar was higher compared to synthetic media such as potato 
dextrose agar (Abdul Manan & Webb, 2018). A great advantage of fungal species is the 
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production of valuable products from feedstocks, foods, and agricultural wastes. Direct 
conversion is possible due to enzymes produced naturally by many fungal species 
(Mondala, 2015). These enzymes allow conversion of cellulose/hemicellulose into 
glucose, lipids into fatty acids, lignin’s into phenolic compounds, and proteins into amino 
acids.  
One of the disadvantages of fungal fermentation is the diverse colony morphology 
of fungal cultures. For example, some fungal species such as A. niger form small tightly 
packed pellets (El-Enshasy et al., 1999). These pellets are difficult to inoculate at flask 
level, and their size is highly dependent on media concentration (Junker et al., 2004).  
Another disadvantage is the viscous nature of fungal fermentation over time. Filamentous 
fungi cause a phenomenon known as shear thinning over time. This means that as shear 
stress and shear rate increase, the material is initially difficult to mix, but then much 
easier, impacting the ability of the final product to flow. As fungal fermentation is scaled-
up factors such as pH, temperature, dissolved oxygen transfer, agitation, and carbon 
dioxide can all impact the viscosity of the product (Pollard et al., 2002). 
1.5. Challenges Associated with Scale-Up 
Solid state fermentation is more difficult to scale-up as compared to submerged. 
Large scale bioreactors used for submerged fermentation are not feasible for SSF. With a 
large amount of solid feedstock and little water, it is difficult to control temperature and 
pH of the reaction. Temperature is especially important, because solid-state fermentation 
results in a great amount of heat that is often not equally distributed (Pandey, 2003; 
Robinson & Nigam, 2003). Several bioreactors such as the packed bed, drum, or tray 
have been designed for this fermentation. Tray bioreactors can control temperature and 
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aeration; however, they take up space and make it impossible to mix the product. Drum 
bioreactors allow mixing, aeration, and more uniform fungal distribution over the 
production; but results in a large amount of heat produced. Packed bed reactors allow for 
better control of heat, as well as aeration (Robinson & Nigam, 2003).  
Controlling fungal morphology is one challenge with submerged fermentation. 
For example, fungal pellets are sensitive to increased shear forces. These fungal pellets 
can increase or decrease in size if impeller type is changed with scale-up (Junker et al., 
2004). If larger mycelial growth is not controlled, product formation may be less efficient 
compared to smaller pellet size (Talabardon & Yang, 2005). Mass transfer is also more 
difficult in scale-up fungal submerged fermentation. As a fungal species forms mycelial 
networks, the broth becomes more viscous, and as a result it is difficult to distribute 
oxygen to cells. An example of this problem occurred when Aspergillus flavus was used 
to produce the laccase enzyme on agro-industrial starch wastes. Above a concentration of 
1% starch, Aspergillus growth caused such high viscosity that the enzyme production 
dropped dramatically. The loss of product formation was attributed to low oxygen 
availability to the cell (Ghosh & Ghosh, 2017). Careful consideration of medium 
parameters, aeration, and impeller design are required to combat these challenges.  
1.6. Potential Future Applications 
Fungal fermentation to produce new pharmaceutical drugs is a rapidly increasing area 
of research. The production of paclitaxel; a chemo-therapy drug, and digoxin; a heart 
regulation drug, are produced as the result of solid-state and submerged fermentation 
respectively. Fungal fermentation is very advantageous for both of these drugs, as it 
produces higher yield at cheaper cost (El‐Sayed, Ahmed, & Abdelhakim, 2020; El‐Sayed, 
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Ahmed, & Al‐Hagar, 2020). Other health promoting products, such as the phytochemical 
metabolites, are produced through fungal fermentation. Phytochemicals such as 
terpenoids or resveratrol are linked to anti-inflammatory and neurological health benefits, 
and are found in fermented rice and wine respectively. (Ramírez-Garza et al., 2018; 
Tetali, 2019). As consumer demand is increasing for plant-based phytochemicals, fungal 
fermentation will be vital. Another growing aspect of fungal fermentation is the use of 
agricultural wastes as feedstock (B. Mishra & Lata, 2007; Sharma et al., 2013). 
Traditional fungal strains such as Trichoderma, Aspergillus, or Aureobasidium have 
shown great success for utilization of wastes (Bansal et al., 2012; El-Enshasy et al., 1999; 
Thirumavalavan et al., 2008). The utilization of agricultural wastes is beneficial to the 
environment, decreases food waste as the result of food processing, and increases the 
value of traditional crops (Sadh et al., 2018). These are just several examples of recent 
advances in fungal fermentation that will continue to be the potential for future 
innovation. 
2. 2.  Fungal Fermentation to Produce Industrially Advantageous By-Products 
Fungal fermentation can be used to produce food, feed, and energy (Table 1.1).  
In recent times, significant progress has been made in utilizing fungal fermentation to 
produce value-added products and co-products at commercial scale. 
Corn based ethanol industry uses corn starch to produce ethanol as an alternative 
to fuel, while simultaneously produces the low value co-product known as distiller dried 
grains with solubles (DDGS). DDGS is high protein and high fiber substrate with 
balanced amino acid profile hence it has been used as a feed supplement to cattle, swine 
and poultry producers. The fermentation process responsible for DDGS production is 
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driven by the yeast Saccharomyces cerevisiae. Genetic engineering has allowed 
production of hybrid yeast strains that tolerate much larger ranges of pH and higher 
ethanol concentration (Snoek et al., 2015). Additionally, Aspergillus and Trichoderma 
have been used to enhance the DDGS nutritional composition through solid-state 
fermentation (Lio & Wang, 2012).  
Other examples of industrially advantageous by-products include food and feed 
with enhanced nutritional value due to fungal enzymes. For example, in the animal feed 
industry fiber can be degraded by naturally expressed fungal enzymes, to produce a feed 
that is more digestible and provides higher energy for the animal (E. Kim et al., 2010). 
Also, fungi can be used to increase the protein content of feed. For humans, enzymes can 
enhance the nutritional value of food products. Examples include pigments such as "-
caretene, as well as health promoting compounds such as phenols (Ghorai et al., 2009). 
Throughout this review phytoalexins; a large group of health promoting phenolic 
secondary metabolites, as well as isoflavones including glyceollin; a specific branch of 
secondary metabolites, will be discussed. 
Many fungal strains can produce value-added products such as citric acid or 
pullulan as a byproduct of the fermentation using various substrates (Table 1). The 
fermentation of sugars such as glucose and sucrose by Aspergillus sp. result in the 
production of citric acid as co-product. Other food industries buy citric acid and use it in 
food to control pH and help add flavor (Copetti, 2019). Pullulan is a by-product of sugar 
fermentation by Aureobasidium pullulans that is used in several industries and will be 




Phytoalexins are a group of small molecular compounds, produced by plants 
under biological, chemical, and physical stress conditions that act to defend the plant. (P. 
Jeandet, 2018). One-way phytoalexins can inhibit pathogens is by slowing growth, such 
as by inhibiting germ tubes. Dismantling the cell membrane is another tactic to starve the 
cells, resulting in a loss of crucial metabolites and electrolytes. Disruption of the cell 
membrane in some cases has been linked to increased apoptosis of fungal cells. 
Additionally, phytoalexins also have an adverse effect on bacterial cells, by decreasing 
cell viability (Philippe Jeandet et al., 2014).  
Plant families Brassicaceae, Fabaceae, Solanaceae, Poaceae, and Vitaceae 
produce different phytoalexins depending on the species (Table 1.2). Examples listed 
include most commonly studied phytoalexins, as the Brassicaceae family alone produces 
over 40 different types (Ahuja et al., 2012). The phytoalexins listed are broken down into 
three different categories based on structure and pathway used for synthesis. Phenolic 
phytoalexins are built from phenolics, and include coumarins, flavonoids, isoflavones, 
and quinones (Ribera & Zuñiga, 2012). Terpenoid phytoalexins are derived from 
precursors such as isopentenyl diphosphate and dimethylallyl diphosphate. They are 
known as di-, tri-, or tetra-terpenoids based off number of carbons (Tetali, 2019). Finally, 
nitrogen and sulfur containing phytoalexins have a carbon ring structure containing one 
of these molecules (Ribera & Zuñiga, 2012). Phenolic phytoalexins are synthesized 
through the phenylpropanoid-polymalonic acid pathway, terpenoids from the 
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methylerythritol phosphate pathway, and nitrogen and sulfur containing from the indole 
pathway (Philippe Jeandet et al., 2014).  
Phytoalexins are of great interest not only for their antifungal properties, but also 
for their positive impact to human health. They have been found to have antioxidant 
properties, as well as an anticancer impact with antiproliferative and chemo preventative 
effects (P. Jeandet, 2018). Terpenoids such as zeaxanthin (Table 1.2) act an antioxidant, a 
source of Vitamin A and E, and are linked to cardiovascular health. Additionally, 
terpenoids act to signal transcription factors related to anti-inflammatory activity, which 
has been studied in relation to diseases such as diabetes and Alzheimer’s. (Tetali, 2019). 
The phenolic resveratrol (Table 1.2) found in red wine is another example. It has been 
found to slow the effects of neurological disease such as Alzheimer’s, reduce metabolism 
for overweight subjects, and lower heart rate in subjects with obesity related 









Table 0.2: List of most common phytoalexins produced by plant families (Ahuja et al., 
2012; Philippe Jeandet et al., 2013; Ribera & Zuñiga, 2012). 





Camalexin Nitrogen and 
Sulfur containing  
Fabaceae  Alfalfa  Medicarpin, Vesitol, 
Vestitone  
Phenolic 
Chickpea Maackiain, Medicarpin Phenolic 
Lupin Wighteone Phenolic 
Pea Pisatin Phenolic 
Peanut Resveratrol, Arachadin Phenolic 
Soybean 
 




Poaceae Maize Kauralesin, Zealexin Terpenoid 
Oat Avenanthramides  




Luteolinidin, Apigenindin Phenolic 
Solanaceae  Pepper Capsidiol Terpenoid 
Tobacco Capsidiol, Scopoletin Terpenoid, 
Phenolic 
Potato Rishtin, Lubimin 
 
Terpenoid 
Vitaceae Grape  Resveratrol Phenolic 
 
2.2. Isoflavones 
Isoflavones are a type of phytoalexin from the subclass known as flavonoids. 
Flavonoids are a phenolic compound with a phytochemical role, and are linked often with 
food color, taste, and nutrition. They also been found to play a positive role in both 
human and animal health (Karak, 2019).  Flavonoids are classified into two groups, 
flavonoids and isoflavonoids, with either a 2, phenylchroman or 3, phenylchroman 
skeleton respectively (Dixon & Pasinetti, 2010). The isoflavone group comes from 
able 1.2: ist of ost co on phytoalexins produced by plant fa ilies ( huja et al., 
2012; Philippe Jeandet et al., 2013; ibera  uñiga, 2012). 
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isoflavonoid branch of flavonoids. There are 18 different isoflavones, which are also 
broken down into two groups: the aglycones and glucosides (Křížová et al., 2019). These 
groups and types of isoflavones will be discussed further below (Table 1.3). 
Just as their larger family, phytoalexins, act as plant defenders; isoflavones are 
very important to the plant because of their antimicrobial ability. Antifungal activity of 
isoflavones with a pterocarpan structure has been studied extensively. Some examples of 
pterocarpans with antifungal activity include medicarpin, glyceollin, maackiain, and 
neorautenol. Fungal species inhibited belonged to genera’s such as Fusarium, Alternaria, 
Pythium and Cladosporium (Jiménez-González et al., 2008). Phaseollin, glyceollin I, II, 
and III, and pisatin extracted from peas and beans also had moderate antibacterial activity 
against some members of the Pseudomonas and  Xanthomonas species (Wyman & Van 
Etten, 1978). Even bacterial biofilms have been reported to have been inhibited by certain 
isoflavones. Total isoflavones at concentration of 10 #g/mL and 100 #g/mL have been 
found to have activity against bacterial species such as Listeria monocytogenes and E. 
coli (Dhayakaran et al., 2015).  
2.2.1. Plant Isoflavone Sources 
Isoflavones are produced by different types of oilseeds and cereal legumes such as 
soybeans, kidney beans, mung bean sprouts, navy beans, Japanese arrowroot, sorghum, 
alfalfa, chickpea, split peas, and sweet peppers (Gao et al., 2015; Zaheer & Akhtar, 
2017). Clovers produce isoflavones such as biochanin A and formononetin (Křížová et 
al., 2019). As members of the legume family, chickpeas and split peas produce 
pterocarpan phytoalexins from isoflavone precursors. Alfalfa and lupine have genes 
associated with flavonoid biosynthesis that are turned on in response to fungal stress 
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(Ahuja et al., 2012).  However, it is soybeans, as discussed below, which produce 
isoflavones at highest levels (Křížová et al., 2019).  
2.2.1.1. Soybeans 
Soybeans are an oilseed crop produced around the world. Primary soybean 
producing countries include the United States, Brazil, and Argentina, while countries like 
China and India are considered major soybean consumers. Humans consume large 
amounts of soybeans for their health promoting nutritional benefits such as: high protein 
with balanced amino acid profile, edible oils, and bioactive compounds such as 
isoflavones. Animals benefit from high protein, desirable amino acids, and bioactive 
compounds (Dei, 2011)  
Examples of soybean products used for animal feed include full-fat soybeans, 
soybean meal, soybean protein concentrate, and soybean oil. However, before soybeans 
can be used as an animal food product, they must be processed to decrease the amounts 
of anti-nutritive factors (ANFs) present. ANFs have been found to have a negative effect 
on nutrition and overall animal performance from feed. Examples include protease 
inhibitors, trypsin inhibitors, lectins, and saponins. Processes that are found to be 
effective in reducing the level of ANFs in animal feed include fermentation, heat 
treatment, flaking, extrusion, and enzyme hydrolyzation (Dei, 2011). Pigs are the primary 
consumer of defatted soybean products, because of the high protein and high energy 
component in soybean meal, (Dei, 2011).   
Examples of soy-based products used for human consumption include tofu, 
soymilk, soy protein, soy flour, and soybean oil. Fermented products such as tempeh, 
natto, miso, soy cheese, yogurts, and soy sauce (G. Rizzo & L. Baroni, 2018; Zaheer & 
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Akhtar, 2017). In Asian countries such as China, Japan, and Korea soy food composition 
is at 23.5-135.4 mg, 50.7-102.1mg, and 21.07 mg per day (G. Rizzo & L. Baroni, 2018). 
A growing number of people also favor soy as a vegetarian/vegan option, because high 
protein can act as a replacement for the meat portion of their diet. Examples include soy 
burger, soy hot dog, meatless bacon, and meatless sausage, as well as cheeses (G. Rizzo 
& L. Baroni, 2018; Zaheer & Akhtar, 2017). Additionally, the germinated soybean is a 
potential alternative for the food industry because it has more nutritional factors such as 
methionine, as well as increased protein digestibility. Germinated seeds also have lower 
amounts of ANFs such as lectins, and proteolytic inhibitors, as well as hydrolyzed 
oligosaccharides (Koo et al., 2015; Paucar-Menacho et al., 2010). 
 
2.2.1.1.1. Composition 
The soybean composition on dry basis is about 40% protein, 20% oil, 35% 
carbohydrate, and 5% ash (Dixit et al., 2011). Most of the protein and oil of the soybean 
is located in the cotyledon, with the least amount found in the hulls. The hypocotyl 
portion of the soybean has high protein, but lower oil composition. It is important to note 
that proximate composition of soybeans tends to vary. Conditions that impact include the 
geographic location where the soybeans are grown, genetic factors, and if certain 
environmental stressors such as heat and drought are increased during growing season 
(K. Liu, 1997)  
Soybeans belong to the family Leguminosae, so they share a similar nutrient 
composition to plants such as peas, peanuts, and other types of edible beans. For human 
consumption soybeans provide a high protein source. In terms of protein, soybeans can 
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provide 38% of energy, with 14.3 g protein in a single ½ cup serving of cooked beans 
(Messina, 1999).  Oil is the second major component of soybeans. They have the highest 
oil composition of any legume besides peanuts (K. Liu, 1997). Linoleic acid and a-
linoleic acid makes up 55% of soybean oil, important in the human diet as an essential 
fatty acid with heart health benefits. Oleic acid makes up 24% and palmitic oil 11% of 
soybean oils (G. Rizzo & L. Baroni, 2018). Other oil components include phytosterols 
(300-400 mg/100 g) and phospholipids (1-3% of soybean oil) (Dixit et al., 2011). High 
oil and fatty acid do impact human nutritional benefits compared to other legumes, 
soybeans do have a higher fatty acid content from linolenic acid (7.7% energy) and lower 
dietary fiber impact (0.9 g) in a ½ cup serving size (Messina, 1999). As for minerals, 
soybeans provide a high iron and calcium composition. Another unique aspect of 
soybeans compared to legumes is its high isoflavone content, at 1-3 mg isoflavones/g 
protein (Messina, 1999). Lastly, soybeans also are composed of bioactive compounds 
such as saponins (0.17-6.16% mean composition), phytic acid (1.0-2.2% mean 
composition), and lignans (0.02% mean composition). Saponins have been found to 
positively impact cholesterol. Phytic acid has a negative impact on uptake of minerals but 
has been found to have positive impact on antioxidant activity. Lignans may provide 
antiestrogenic activity, but currently there is not enough research to prove this effect (G. 
Rizzo & L. Baroni, 2018)  
For animal consumption soybeans provide benefits such as high protein and 
amino acid digestibility. Most animals consume defatted soybean meal, which means that 
the oil is removed from the product. Soybean meal is a high energy product, between 
17.22-17.41 MJ/kg. Crude protein in soybean meal is between 43.9-48.8% composition. 
16 
Amino acids in soybean meal include lysine, methionine, cystine, threonine, tryptophan, 
arginine, isoleucine, leucine, valine, histidine, and phenylalanine. However, methionine is 
one limited essential amino acid in soybean meal. In poultry the digestibility of these 
amino acids is between 82.1-91.6% (Dei, 2011). In swine, amino acid digestibility is at a 
similar level, between 88.5-95.4%. Other components of soybean meal include neutral 
detergent fiber (NDF), acid detergent fiber (ADF), phytate, phosphorous, calcium, starch, 
and carbohydrates (Dei, 2011; Oliveira & Stein, 2016). Additionally, the same process 
that removes oil also greatly reduces the level of ANFs, so they have almost no presence 
in the product. For example, the ANF trypsin inhibitor is present at 45-50 mg/g in whole 
soybeans, and only 1-8 mg/g in soybean meal (Dei, 2011).  
2.2.1.1.2. Cultivars 
 
There are many cultivars of soybeans in the world. Characteristics that set apart 
these cultivars include color, such as pod color (tan, brown, or black), seed coat color 
(yellow, green, brown, black, or mottled) , hypocotyl color (green or purple), hilum color 
(black, imperfect black, brown, buff, or clear) or plant flower color (white or purple) 
(Owen, 1928).  Another differentiating characteristic of soybeans includes determinate or 
indeterminate plant type. Determinate plants stop producing nodes on the stem when 
flowering starts. Indeterminate plants produce nodes for much longer, until the plant 
begins its pod filling. Generally, determinate plants are grown in maturity ranges V-X 





2.2.1.1.3. Conventional vs. Genetically Modified 
Producers have the option of buying seeds that are genetically modified with 
desirous traits for plant health, or buying seeds that were produced conventionally, 
without any gene modifications. Balisterio et. al, (2013) completed a study on the 
differences between conventional and organically grown beans relating to isoflavone 
levels, protein levels, and trypsin inhibitory activity. Conventionally grown soybeans had 
more than double isoflavone (160.7-193.1 mg/100 g) compared to the organically grown 
soybeans (58.1-76.6 mg/100 g) (Balisteiro et al., 2013). However, when comparing 
isoflavone levels across 6 conventional and 6 genetically modified soybean varieties no 
statistical difference between total isoflavones (Costa et al., 2015). Another study by 
McCann et al., (2005) found a similar result comparing glyphosate-tolerant and 
conventional beans across multiple growing seasons. Glyphosate-tolerant soybeans were 
found to have statistically similar ranges of daidzein, glycitein, and genistein compared to 
conventional varieties (McCann et al., 2005). 
2.2.1.1.4. Maturity Groups 
Soybeans can be grown in different areas around the world, in Asia, Africa, South 
America, and North America. But photoperiod, or amount of light they receive, and the 
temperature during sprouting and pod filling can impact the overall yield (Langewisch et 
al., 2017). In the mid 1900’s the USDA classified seeds as early, medium, or late 
maturity. Later maturity groups are planted in southern regions of the US, while early 
maturity lines are planted in the north. This was an important distinction, because later 
maturity lines do not have enough time to flower and will be killed by an early frost when 
planted in northern states, while early maturing lines planted in the south will flower too 
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early and have decreased growth (Langewisch et al., 2017).  In 1973 a more detailed 
system was released, where the country was divided into maturity groups based on both 
latitude and photoperiod (X. Q. Liu et al., 2017).  
The current system in the United States divides the soybean producing states into 
6-7 different maturity groups, from 00-VI (Figure 1.1). The lowest maturity groups (0-
III) are planted in the northern US, and the highest maturity groups (IV-VI) in the 
southern US (Mourtzinis & Conley, 2017). Throughout the world, there are 13 defined 
maturity groups. Canada has even earlier maturity groups of 000-0. South America has 
later maturing lines depending on climate. Brazil has a range from V-VIII, while 
Argentina has both a cooler climate in more temperature regions to the east and a hotter - 
tropical climate in elevated regions near the coast, with a range from II-VIII. China has a 
larger maturity range than the United States, from 000-IX, with 000 planted in the north 
and IX in southern more tropical regions. Even Japan also has a range of maturities from 
0-III (X. Q. Liu et al., 2017).   
 




Genetically soybean cultivars are grouped based off the dominant loci associated 
with maturity. There are nine loci associated with maturity, E1-E9. The dominant form of 
each allele E1, E2, E3, E4, E5, E7, and E8 result in late flowering, while the dominant 
form of E6 and E9 is associated with early flowering. North American lines have a higher 
number of e1-as E2, E3 loci. Relative maturity groups have difference loci associated. 
For example: 0, has a high percentage of e1-n e2, e3-tr,  I-II e1-as e2 E3, II-III e1-as e2 
E3, III-IV e1-as E2 E3, IV-V e1-as E2 E3, and V-IX E1 E2 E3 which is more closely 
related to China, Japan, Asia (Langewisch et al., 2017). 
2.2.1.1.5. Germination 
Germination occurs when the embryonic axis first begins to develop as the seed 
absorbs water. The radical, or the root, is the first to emerge into the soil, followed by the 
hypocotyl, and then the cotyledon, and finally the unifoliate leaves (Figure 1.2). The root 
emerges within the 48 h of the seed being placed in the soil or other nutrient habitat. The 
hypocotyl contains the seed, and it pushes up in order to allow the cotyledon to emerge. 
The cotyledon is the first leaf of the plant, and this emerges next for the plant to begin 
photosynthesis. The unifoliate leaves are much larger and grow above the cotyledon 
(Naeve, 2018; Purcell et al., 2014). 
Numerous studies that use germinated soybean seedlings have been conducted, 
and as a result there is a large amount of information on the desired temperature and light 
conditions for optimum sprouting, as well as protein or secondary metabolite production. 
Germination temperature has been found to impact the total length of both the hypocotyl 
and cotyledon of the soybean sprout (Koo et al., 2015). A 5 degree germination 
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temperature increase (20 °C to 25 ℃) resulted in hypocotyl length doubling over the 
same time period (Koo et al., 2015). Cotyledon length was found to be greater at 25oC at 
72 h compared to 30oC at the same time mark (Koo et al., 2015; Paucar-Menacho et al., 
2010).  
 
Figure 1.2: Germination process of soybean seed (Naeve, 2018). 
 
2.2.2. Different Groups of Isoflavones 
Based on structure, isoflavones are separated into: a) aglycones, and b) glucosides 
(Table 1.3). Aglycones include daidzein, genistein, and glycitein. Glucosides include 
daidzin, genistin, and glycitin, as well as acetyl glucosides and malonyl glucosides 
(Křížová et al., 2019; Zubik & Meydani, 2003).  
The major structural difference between aglycones and glucosides is the addition 
of a sugar molecule and ester group to glucosides (Křížová et al., 2019). Glucosides are 
present as the inactive form bound to sugar in almost all soybeans. Aglycones are present 
mostly in fermented soybean products where the sugar is utilized and removed from the 
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structure. This is why aglycone isoflavones are found in products such as tempeh, miso, 
natto, and soy fermented milk (Larkin et al., 2008; G. Rizzo & L. Baroni, 2018; Zaheer & 
Akhtar, 2017). When it comes to the human nutrient benefits of isoflavones, the 
aglycones are of greater importance because they are more easily absorbed by the small 
intestine, while glucosides are more likely to interact with microflora (Larkin et al., 
2008).  
Table 1.3: Isoflavones belonging to the major groups aglycons and glucosides (Izumi et 
al., 2000; Křížová et al., 2019). 
 
2.2.3. Isoflavone Production Signaling 
Isoflavones production can be induced by outside stress to the soybean plant. The 
phenylpropanoid pathway is responsible for their synthesis, and is known to be triggered 
by fungal or bacterial, UV light, organic acid, or metal ion stress (K. Farrell et al., 2017). 
The plant recognizes the stress by compounds known as elicitors. Elicitors can by many 
parts of the stressor and are oligosaccharide, peptide, or lipid in origin. Examples of 
elicitors from fungus include chitin, "-glucan, glycoproteins, ergosterols. "-glucan in 
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particular is known to cause soybeans to produce iosoflavonoids. Elicitors are recognized 
by cell receptors anchored in the plasma membrane (A. K. Mishra et al., 2012). While not 
all specific receptors are not known, one example for the recognition of "-glucan is by 
the GE-binding protein (GEBP) that is found in soybean root cells. Antibody inactivation 
of  GEBP shows phytoalexin accumulation cut by 50%, which suggested this receptor 
was likely responsible for recognition of the "-glucan elicitor (Umemoto et al., 1997).  
Once receptors on the cell surface recognize elicitors, there are several reactions 
that can occur to signal transcription of isoflavone genes. Reactions that have been linked 
to secondary metabolite production include mitogen-associated protein (MAP) kinase 
signaling, GTP binding proteins, calcium (Ca2+) signaling, activation of reactive oxygen 
species (ROS), salicylic acid signaling, and jasmonic acid signaling. MAP signaling 
occurs as a result of phosphorylation of mitogen activated proteins, which in turn sends a 
signal across the nucleus. GTP binding proteins are important because they cause a 
number of signaling cascades that amplify the response. Calcium signaling is similar to 
MAP kinase signaling, as calcium dependent protein kinases are activated by Ca2+ 
binding, which in turn causes a signal across the nucleus that activates transcription 
factors (A. K. Mishra et al., 2012). Transcription factors in turn help to turn on genes 
related to the phenylpropanoid pathway. The ROS species signaling has been directly 
linked to glyceollin production, a product of the phenylpropanoid pathway. ROS creates 
an oxidative burst from the O2 molecule which triggers events that also lead to pathway 
activation (Kalli et al., 2020). Finally, salicylic acid and jasmonic acid build up at the site 
of pathogen attack and cause the downstream events that signal plant defense is needed 
(A. K. Mishra et al., 2012).  
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2.2.3.1. Phenylpropanoid Pathway 
The pathway responsible for isoflavone production is the phenylpropanoid 
pathway (Figure 1.3). This pathway produces both isoflavonoids and flavonoids (Vadivel 
et al., 2019). Additionally, this pathway would also be responsible for the production of 
phenolic phytoalexins that are outlined in Table 1.1. First the amino acid phenylalanine is 
converted to cinnamic acid by the PAL enzyme. Cinnamic acid is converted to p-
coumaric acid by a hydrolysis reaction. A CoA ligase transforms p-coumaric acid into p-
coumaroyl-CoA. Depending on the enzyme p-coumaroyl-CoA will result in flavonoid or 
isoflavonoid biosynthesis (Figure 1.3) (Vadivel et al., 2019). 
A branch results in isoflavonoid or flavonoid production at the step where p-
coumaroyl is synthesized. Chalcone synthase catalyzes the production of naringenin 
chalcone, which is the precursor of flavanols. Just like isoflavonoids these compounds 
undergo reduction, hydrolysis, and isomerization to produce flavonoids such as 
kaempferol and quercetin (Falcone Ferreyra et al., 2012).  
For isoflavonoid production, the same chalcone synthase enzyme is used to 
catalyze the reaction of p-coumaroyl to isoliquiritigenin chalcone (Vadivel et al., 2019). 
However, there is also a chalcone reductase enzyme only found in legumes (X. Wang, 
2011). An isomerase is responsible for production of liquiritigenin (Vadivel et al., 2019). 
From here an isoflavone synthase (IFS) enzyme is responsible for catalyzing the reaction 
that results in the isoflavone structure. Then a dehydrogenase (2HID) catalyzes the 
reaction that results in the aglycones: daidzein, genistein, and glycitein. A 
glycotransferase (UGT) transfers the sugar molecule onto daidzein, genistein, and 
glycitein to form the respective glycosides daidzin, genistin, and glycitin. Methylation 
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enzymes known as methyltransferases add the methyl group to open hydroxyl groups, 
increasing the solubility of the molecule (X. Wang, 2011).  Glyceollin I, II, and III 
production from daidzein is also shown in Figure 1.3, this will be discussed further.  
 
Figure 1.3: Phenylpropanoid pathway for the production of Flavonoids and 
Isoflavonoids (Vadivel et al., 2019).  
 
2.2.4. Effect of Environmental Factors on Isoflavone Production 
2.2.4.1. Cultivar 
It is apparent that soybean cultivar, or the specific genetic makeup of the soybean, 
impacts isoflavone concentration significantly. Total isoflavone reported in the literature 
widely varies depending on soybeans used. A study comparing Korean black soybeans 
and United States varieties found that the minimum to maximum concentration of 
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isoflavones for Korean samples was 188.2-948.0 mg 100-1 g, compared to a range of 
46.0-421.6 mg 100-1 g for US varieties (S. J. Lee et al., 2003). Researchers have even 
looked at the color of the hilum, or the place where the bean attaches to the pod, to 
determine if it correlated with isoflavone. Light colored hilum were found to be 
correlated with lower total isoflavones, compared to black colored hilum (Barion et al., 
2010). However in a study comparing yellow, green, brown, and black hilum, black 
hilum had lower concentrations of isoflavones compared to the lighter colors (C. Y. 
Wang et al., 2000). 
2.2.4.2. Maturity Levels  
The wide variation of isoflavones in different cultivars spurred studies 
determining if location (maturity zone) impacted isoflavones. Protein and oil have been 
known to correlate with location, with soybeans in the northern half of the United States 
having lower protein and higher oil compared to those in the southern states (Mourtzinis 
et al., 2018). Isoflavones appear to be similarly impacted. A study where US soybeans 
between maturity 0-VI found that later maturity groups (MG) V and VI had higher 
daidzin, glycitin, genistin, malonyldaidzin, malonylgenistin, and malonylglyctin, 
compared to groups 0, I, II, III, and IV. The difference between MG 0 and VI was 
60.41% total isoflavone concentration, with glyctitin and malonyglycitin being the most 
impacted (Zhang et al., 2014). In Canada, a similar study was carried out over four 
locations, and researchers again found that total isoflavone positively correlated with the 
length of time for maturation, which is similar to later MG (Murphy et al., 2009). At 
South Dakota State University maturity groups 0, I, and II were compared and significant 
difference found between daidzein production in groups 0 and I, but not between 0 and II 
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and I and II (C.Y. Wang et al., 2000). In Asia, a study found that different Korean 
soybean cultivars planted in three different locations in three different years (1998, 1999, 
and 2000) had varying levels of daidzin, glycitin, and genistin (glucoside isoflavone) and 
daidzein, glycitein, and genistein (S. J. Lee et al., 2003). This suggests that total 
isoflavone changed with crop year, location, and cultivar.  
2.2.4.3. Temperature 
It is possible that the temperature is a crucial parameter during plant growth, as 
physical stress may cause upregulation of secondary metabolites. These factors have been 
found to impact pod filling, as well as protein and oil concentration (Barion et al., 2010; 
Bennett et al., 2004). Many studies have found that lower temperature seems to correlate 
with enhanced isoflavone production. Low temperature during seed germination resulted 
in higher concentration of isoflavones (Hoeck et al., 2000). This same conclusion was 
drawn in studies carried out in Ontario, Canada where the weather is cooler with more 
consistent moisture during the growing season (Murphy et al., 2009). Lower temperature 
resulted in higher isoflavone production when growth studies were carried out over 
course of years in Korea and Croatia (S. J. Lee et al., 2003; Matosa Kocar et al., 2019). It 
is hypothesized that high temperature may have an inhibitory effect on pod filling, which 
was found to correlate with decreased isoflavone concentration (Barion et al., 2010).  
2.2.4.4. Light  
The amount of sunlight the plant receives during its lifetime directly impacts the 
enzyme activity of the difference isoflavone synthesis pathways (Zhang et al., 2014). As 
a result, the amount and type of light can increase isoflavone accumulation in one 
soybean variety. Light vs. dark germination conditions show effect on  total concentration 
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of glucoside and aglycone isoflavones, as well as their malonyl and acetyl conjugates in 
root, leaf, and cotyledon tissues (Jun-Ming et al., 1998). The addition of UV light during 
germination resulted in significantly higher isoflavone, compared to fluorescent light for 
12 h and dark conditions (S. Phommalth et al., 2008).  
2.2.5. Benefits of Isoflavones 
Isoflavones from soy products have been linked to several health benefits. 
Nutritional benefits such as improved cardiovascular health and lower cholesterol have 
been linked to the increase in soy food product consumption (Zaheer & Akhtar, 2017). 
Isoflavones such as genistein and daidzein can inhibit the formation of radical oxygen 
species (ROS) that are responsible for cardiovascular stress (Mann et al., 2009). Intake of 
soy high in the aglycone isoflavones, especially daidzein, is linked to lower plasma 
cholesterol levels. It is hypothesized that daidzein interacts with a cholesterol catabolism 
enzyme (Kawakami et al., 2005).  The structure of isoflavones is also very similar to the 
hormone estrogen, so they can bind estrogen receptors. This ability has been extremely 
promising in cancer research. Genistein, for example, is linked to inhibition of breast 
cancer cell growth, by stimulating growth factors to stop cell division in the G2/M portion 
of the tumor cell cycle (Shao et al., 1998). A similar effect is shown on mediators of 
prostate cancer. Isoflavones daidzein and genistein were shown to result in demethylation 
of prostate cancer genes by binding an estrogen receptor (Adjakly et al., 2014).  Other 
diseases that the therapeutic benefit of isoflavones are being investigated with include 
diabetes, obesity, Alzheimer’s, and osteoporosis (Zaheer & Akhtar, 2017). 
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2.2.6. Methods of Analysis of Isoflavones 
The first step of isoflavone analysis is extraction. Isoflavones, especially 
glucosides, are polar, so polar solvents are needed for extraction (Vitale et al., 2013). 
There is not one universal solvent. Examples include acetonitrile, (ACN), ethanol, and 
methanol (Berhow et al., 2006; Lin & Giusti, 2005; Luthria et al., 2007).  Most common 
examples include 58% acetonitrile, 80% methanol, 83% acetonitrile, 90% methanol, 70% 
ethanol. Generally, water and DMSO are used in addition to these solvents (Luthria et al., 
2007).  Sometimes acidified solvents are used, with the addition of acid to acetonitrile 
and methanol (Lin & Giusti, 2005). Conventional technical extraction methods include 
stirring, shaking, sonification, vertexing, pressurized liquid extraction, and Soxhlet 
extraction (de Castro & Garcia-Ayuso, 1998; Luthria et al., 2007). Newer technology 
includes microwave assisted extraction and supercritical fluid extraction  (Ekezie et al., 
2017; Ganzera, 2015; Rostagno et al., 2002).  
Following the extraction process, reverse phase high performance liquid 
chromatography (RP-HPLC) is used to analyze total isoflavones. A C18 column is usually 
used with an acidic mobile phase. Mobile phase examples include acetonitrile and acetic 
acid, water and acetic acid, acetonitrile and trifluoracetic acid, or methanol and 
trifluoracetic acid (Berhow et al., 2006; Zheng & Kyungho, 2007).  
2.3. Glyceollin 
Glyceollin is a secondary metabolite that is produced in the same 
phenylpropanoid pathway as isoflavones. The precursor molecule of glyceollin is 
daidzein, which is one of the aglycones produced mainly during fermentation reactions 
with the legume products (Figure 1.4) (Křížová et al., 2019). Like isoflavones, glyceollin 
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is produced by legumes as a defense mechanism, has known health benefits, and is 
concentration dependent on various conditions and stressors (Nwachukwu et al., 2013; I. 
S. Park et al., 2017).  .  
There are several different isoforms of glyceollin, which include glyceollin I, II, 
and III (Figure 1.4) (K. Farrell et al., 2017; Zimmermann et al., 2010). The three isomers 
are highly similar, with just slight differences on the first ring. Between glyceollin I and 
II, the positioning of the first ring is different, with the oxygen group at a different 
location. Glyceollin III is different in size compared to I and II, with the pentose ring 
compared to the hexose (Figure 1.4) (Zimmermann et al., 2010).  When glyceollin 
expression is induced by fungal or biological stress, the amount of total glyceollin is not 
composed of equal amounts of each isomer. Glyceollin I is often produced in highest 
amounts, followed by glyceollin II, and then III (Boue et al., 2000; Isaac et al., 2017; H. 
J. Kim, H.-J. Suh, C. H. Lee, et al., 2010).  Interestingly, a study using acid stress (pH 
3.0) on seedlings found that glyceollin III was significantly higher in the leaf than I or II. 
However, in the root portion levels of glyceollin were much higher, and here glyceollin I 
was produced in highest amounts, followed by III and then II (M. A. Jahan & N. 
Kovinich, 2019). 
The difference between the isomers has been studied in relation to known 
antiestrogenic ability (H. J. Kim, H.-J. Suh, J. H. Kim, S. C. Kang, et al., 2010; I. S. Park 
et al., 2017; Zimmermann et al., 2010). Zimmermann et al., (2010) found glyceollin I had 
the highest binding activity for the estrogen receptor. Increased amounts of glyceollin I 
helped decrease viability of tumor cells. Kim et al (2010) also hypothesized glyceollin I 
had highest antioxidant activity and scavenging ability of superoxide radicals. Finally, it 
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is glyceollin I that is primarily linked to resistant to soybean pathogen Phytophthora 
sojae (Md Asraful Jahan et al., 2020).  
 
 
Figure 1.4: Biosynthesis of three glyceollin isomers I, II, III, starting with precursor 
molecule daidzein (Tilghman et al., 2010). 
 
2.3.1. Legumes that Induce Glyceollin 
A number of plants including beans, peppers, peas, alfalfa, and sorghum are 
capable of inducing isoflavones (Gao et al., 2015). The list is much shorter for plants that 
induce glyceollin production, and mainly includes soybeans. On a study with over 20 
species of legumes only Glycine max (soybean) was capable of producing all glyceollin 
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isomers I, II, and III. One other species, Teramnus unicitatus glyceollin, but only 
glyceollin isomer I. (Keen et al., 1989).  
 
2.3.2. Plant Defense Mechanism 
Glyceollin has been a proven plant defender in several studies. At the site where 
receptors first encourter pathogens on the plant tissue, glyceollin has been found to be 
most abundant (Mohr & Cahill, 2001). Glyceollin acts to hinder spore formation or alter 
the ability of some molecules passing through the membrane of the pathogenic organism  
Phytophthora capsici (Giannini et al., 1988; M Yoshikawa et al., 1978). The minimum 
inhibitory concentration of glyceollin against fungal pathogens Phytophora capsici was 
25 ug/mL (H. J. Kim et al., 2012). Lygin et al (2013) proved that it was glyceollin 
enforcing this defense effect in soybeans by silencing the ISF2 in the phenylpropanoid 
pathway. When this gene was silenced in stem, leaf, and root tissue there was a 
significant difference in the isoflavone and glyceollin levels between the silenced 
transgenic and non-transgenic plants. As a result infection by Phytophthora sojae and 
Macrophomina phasolina caused visible infection difference on the young sprouts 
compared to control  (A. V. Lygin et al., 2013).  
2.3.3. Biosynthesis of Glyceollin 
The phenylpropanoid pathway is responsible for production of glyceollin (Figure 
1.5). The precursor molecule daidzein is hydrolyzed as discussed above (Vadivel et al., 
2019). Daidzein is converted to an intermediate 3,9 dihydroxpterocarpan, and then to 
glycinol. The enzymes responsible include isoflavone 2-hydroxylase, isoflavone 
reductase, and pterocarpan 6a-hydroxylase. Pterocarpan 6a hydroxylase enzyme accounts 
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for the unique skeletal structure of glyceollin. A prenylation reaction adds hydrophobic 
molecules to growing chain, which forms glyeollidins. Finally, glyceollin synthase 
catalyzes the reaction of glyeollidins to glyceollin (K. Farrell et al., 2017; Nwachukwu et 
al., 2013). One of the byproducts from this reaction is 6,O malonyldaidzin which can be 
further converted into daidzein and then glyceollin by a similar process (K. Farrell et al., 
2017).    
 
Figure 1.5: Glyceollin I, II, and III biosynthesis from daidzein as part of the 
phenylpropanoid  pathway (K. Farrell et al., 2017).  
 
2.3.3.1. Genes Related to Glyceollin Production 
Over the last decade scientists have begun to determine genes regulating 
glyceollin formation (Figure 1.6) (K. Wang et al., 2018). Upregulation of IFS1 and 2HID 
genes early on in the phenylpropanoid pathway results in the conversion of liquiritigenin 
33 
and naringenin into the aglycones: daidzein, glycitein, and genistein. When the UGT gene 
is upregulated, the aglycones daidzein, glycitein, and genistein are converted into the 
glycoside forms of daidzin, glycitin, and genistin as well as the malonyl-glycosides. 
After, the CYP93A1 gene regulates the conversion of daidzein to the intermediate 3,9-
dihydroxypterocarpan. The pterocarpan structure of this molecule is also the skeletal 
structure of glyceollin. Glyceollidin I is converted into glyceollin I by and glyceollidin II 
is converted into glyceollin II and III when G4DT and G2DT genes are induced (K. Q. 
Wang et al., 2018). Some of the transcription factors that bind these genes have also been 
identified. Recent research has identified the GmNAC42-1 transcription factor. It was 
capable of binding the IFS2 and G4DT genes in a synthetic yeast one hybrid system. 
When overexpressed, GmNAC42 did result in increased amounts of glyceollin 
metabolites with these two genes but did not have an effect on all biosynthesis genes (M. 
A. Jahan et al., 2019).  
 
 
Figure 1.6: Genes that are upregulated or downregulated in cell suspension (green) and 
cotyledon tissues (red) after stress from 2% oligosaccharides (K. Q. Wang et al., 2018). 
34 
2.3.4. Inducing Glyceollin Expression in Soybeans 
Several steps are needed to prepare soybeans before treatment with elicitors 
during glyceollin induction in soybeans.  Examples include soaking, surface sterilization, 
cutting/wounding, and dehulling beans (Eromosele et al., 2013; Kelli Farrell et al., 2017; 
Isaac et al., 2017; Kalli et al., 2020; Mee Ryung Lee et al., 2010; In Sil Park et al., 2017). 
Surface sterilization using 70% ethanol for a short periods of time, such as 3 min (Boué 
et al., 2000; H. J. Kim, H.-J. Suh, C. H. Lee, et al., 2010; In Sil Park et al., 2017) or 5 min 
(Kelli Farrell et al., 2017) is common. Other surface sterilizers Micro 90 and sodium 
hypochlorite are also used for similar short periods of time (Isaac et al., 2017; Kalli et al., 
2020; K. Wang et al., 2018). A soaking step follows surface sterilization. Beans are 
soaked for a time period of 4-24 h (Boué et al., 2000; Eromosele et al., 2013; Kelli Farrell 
et al., 2017; Kalli et al., 2020; H. J. Kim, H.-J. Suh, C. H. Lee, et al., 2010; In Sil Park et 
al., 2017; Parniske et al., 1991).  
Following surface sterilization and soaking, wounding by cutting and chopping is 
another pre-treatment step. Kalli et al., (2020) describes this step as a “priming” 
treatment, that results in increased levels of secondary metabolites. Methods include 
cutting the cotyledon, halving the beans, or chopping beans (Boué et al., 2000; Eromosele 
et al., 2013; Kelli Farrell et al., 2017; Kalli et al., 2020; Mee Ryung Lee et al., 2010; Peng 
et al., 2018). Dehulling is another step that resulted in increased glyceollin production. 
(Isaac et al., 2017) 
2.3.4.1. Fungal Strains Used 
The most predominant method to induce glyceollin expression reported in the 
literature is through inoculation with fungal cultures. Many fungal strains have been 
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tested, and include Aspergillus sp. such as A. sojae, A. flavus, A. oryzae, and A. niger, as 
well as other species such as Fusarium virguliforme and Fusarium venenatum, Rhizopus 
oligosporous, Trichoderma reesei, Neurospora crassa, Mucor circinelloides, and Pichia 
kudriavzeveii (Boue et al., 2000; Feng et al., 2007; Isaac et al., 2017; M. R. Lee et al., 
2010; A. V. Lygin et al., 2013; Mukherjee et al., 2016; I. S. Park et al., 2017).  
Additionally, fungal species with yeast like morphology have been utilized, such as 
Saccharomyces cerevisiae and Aureobasidium pullulans (Atho'illah et al., 2019; Isaac et 
al., 2017).    
Rhizopus oligosporous has been used in several studies with Korean black 
soybean cultivars (Glycine max (L.) Merrill).  When black soybeans were used as 
compared to yellow, R. oligosporous induced highest glyceollin levels at 7 mg/g. This 
was compared to A. niger at 5 mg/g, and A. oryzae at 1 mg/g total glyceollin production 
(Feng et al., 2007). R. oligosporous was found to have an advantage over Aspergillus 
species A. awamori, A. niger, A. sojae, and A. oryzae in Korean soybeans. (M. R. Lee et 
al., 2010). However, this is not always the case with Korean black bean cultivars. A study 
by Park et al., (2017) found that R. oligosporous induced much lower glyceollin titers 
compared to A. sojae in 50 of the 60 varieties tested. In a study by Issac et al., (2017) 
using yellow soybeans, Rhizopus oligosporous produced a mean glyceollin level of 1.609 
mg/g in hulled beans but was not the top producer of glyceollin. Instead in this study five 
fungal strains including, Neurospora crassa, Aureobasidium pullulans, Fusarium 
venenatum, Mucor circinelloides, and Trichoderma reesei resulted in higher glyceollin, 
at 2.283 mg/g, 2.674, 2.740, 2.738, and 3.763 mg/g total glyceollin respectively (Isaac et 
al., 2017). 
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Aspergillus has also emerged as one of the leading strains to induce glyceollin 
expression. Species tested in literature include A. flavus, A. niger, A. oryzae, and A. sojae 
(Boue et al., 2000; I. S. Park et al., 2017). It should be noted that of these four species, 
only A. flavus produces the harmful aflatoxin (Boue et al., 2000).  A. oryzae, A. niger, and 
A. flavus induced glyceollin levels at 660 ± 112, 623 ±101, 576 ± 76 #g/g respectively 
(Boue et al., 2000). Brewing strain A. oryzae 3042 successfully induced glyceollin at 1.32 
mg/g total glyceollin (Eromosele et al., 2013). A. niger had a much higher range of 
glyceollin compared to A. oryzae (1-4 mg/g) produced from black soybeans (Feng et al., 
2007). However results are cultivar dependent, as both A. oryzae and A. niger induced 
different glyceollin titer when yellow soybean cultivars were screened (Feng et al., 2007).  
Aspergillus sojae has been a highly successful elicitor over the last decade. One of 
the highest levels of glyceollin induced, 7-8 mg/g, was by A. sojae. The study by Park et 
al., (2017) used a large sample set of soybeans from the Korean National Institute of 
Crop Science, and glyceollin levels of 7.538 ±0.102 mg/g and 8.357±0.059 mg/g were 
recorded by Danbaeg and Kwangan varieties. Interestingly with the same two varieties, 
Rhizopus oligosporous was only able to produce levels at 1.550 And 0.196 mg/g 
respectively. (I. S. Park et al., 2017). A. sojae also induces higher levels of glyceollin 
(955±40 #g/g) compared to other Aspergillus sp. (576-660 #g/g) (Boue et al., 2000).  
Aspergillus sojae induced glyceollin I and II over the course of 1-7 days, correlating with 
increased and decreased secondary metabolite levels. Glucosides daidzin and genistin 
decreased, while the aglycones daidzein and genistein increased over the 7 day period. 
(John et al., 2013).  
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2.3.4.2. Bacterial Strains Used 
Bacterial species are commonly used to ferment soy foods (J. Tamang et al., 
2016). However, fewer bacterial species have been used to elicit glyceollin production. 
Bacterial species that associate with soybean roots, such as Bradyrhizobium japonicum, 
have successfully elicited glyceollin expression in root hairs and exudate (Schmidt et al., 
1992). The gram-negative bacteria Pseudomonas was also used to elicit glyceollin 
expression in soybean tissue cell culture (Fett & Zacharius, 1983).  
2.3.4.3. Biological/Chemical Elicitors Used 
Biological elicitors such as fungal wall components, alginate oligosaccharides, 
reactive oxidative species, and soy hormones; chemical elicitors such as organic acids 
and metal ions; and physical elicitors such as UV light have been studied in addition to 
fungal elicitation for glyceollin. The wall glucan component (WGE) of Phytophthora 
sojae, a soybean fungal pathogen, has been used commonly as an elicitor (Abbasi et al., 
2001; Kelli Farrell et al., 2017; Park et al., 2002). Wall glucan elicitor resulted in 
glyceollin expression and cell protection from P. sojae infection for cells distal to elicitor 
treatment (Park et al., 2002). P. sojae WGE elicitor resulted in significantly higher 
glyceollin I expression (428 #g/gt-1) compared to Aspergillus fumigatus, Fusarium 
tricinctum, and Rhizopus nigricans spore treatment (0-199 #g/g-1) (Kelli Farrell et al., 
2017). Plant hormones such as jasmonate/methyl jasmone have also been used but 
resulted in lower glyceollin levels compared to fungal elicitation  (Park et al., 2002; In Sil 
Park et al., 2017).  Alginate oligosaccharides (AOS), short chain monomers of alginate, 
have also been used for glyceollin production (Peng et al., 2018; K. Wang et al., 2018).  
AOS elicited 0.307 mg/g glyceollin expression in soybean callus suspension cultures (K. 
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Wang et al., 2018). A 1% concentration of AOS on soybean cotyledons resulted in 
highest glyceollin levels of 1.233 mg/g (Peng et al., 2018).  
Metal ions such as AgNO3 and CuCl2 were tested on black Korean soybean 
varieties by Park et al. AgNO3 resulted in higher total glyceollin (48 #g/gt-1) compared to 
CuCl2 (10 #g/gt-1). Additionally when both AgNO3 was used in addition to WGE, the two 
treatments together resulted in higher glyceollin production (745.1	#g/gt-1)  than 
individual treatment (In Sil Park et al., 2017). A study using 5-day old soybean 
hypocotyls showed similar results with AgNO3 treatment, compared to sulfhydryl binding 
agents IAA and PMBS (S. Liu et al., 1992). Acidity stress treatment has resulted in 
glyceollin production. Comparing acidity stress of pH 3 to pH 5.8 showed the lower pH 
elicited higher glyceollin titers. Highest glyceollin was present in the root, as compared to 
the cotyledon, hypocotyl, and leaf (Md Asraful Jahan & Nik Kovinich, 2019).  
Additionally, reactive oxidative species (ROS) when used as a “primer” to fungal 
inoculation led to 4-fold increase in glyceollin (Kalli et al., 2020) 
UV light has been used in experiments studying isoflavone elicitation. The result 
of UV light treatment was increased activity of isoflavone synthesis enzymes GmPAL 1, 
GmPAL2, and GmC4H (You Jin Lim et al., 2020). Addition of UV light for 30-40 min 
resulted in increased production of total isoflavones (You Jin Lim et al., 2020; 
Siviengkhek Phommalth et al., 2008). Park et al., (2017) found that 15 minutes of UV 
exposure led to highest glyceollin concentration, while anything over that time frame 
resulted in lower glyceollin. However, UV light addition for 15 minutes treatment alone 
did result in lower glyceollin concentration compared to treatment with A. sojae (In Sil 
Park et al., 2017).   
39 
2.3.5. Benefits of Glyceollin 
Glyceollin protects the soybean plant during fungal/bacteria pathogen attack. The 
antimicrobial nature of glyceollin is shown against Phytophthora sojae, as well as a 
diverse group of fungal species (H. J. Kim, H.-J. Suh, C. H. Lee, et al., 2010; Lazarovits 
et al., 1981). Animals with diet high in soy could benefit from antimicrobial ability to 
enhance gut health. For humans, soy diets rich in glyceollin have been extensively 
studied, and benefits include anti-cancer, anti-inflammatory, and antioxidative ability (H. 
J. Kim, H.-J. Suh, J. H. Kim, S. Park, et al., 2010; Lecomte et al., 2017; W. Lee et al., 
2014). 
2.3.5.1. Antifungal Activity 
Glyceollin accumulation has long been associated with increased resistance to 
soybean pathogen Phytophthora sojae (Lazarovits et al., 1981; Ward et al., 1979; M 
Yoshikawa et al., 1978). Six-day old hypocotyl tissues had increased glyceollin 
expression, and less spread of neurotic lesions, compared to younger tissues (Lazarovits 
et al., 1981). Yoshikawa et al., (1978) found that glyceollin accumulated within the first 9 
h in tissues directly local to site of P. sojae inoculation. Glyceollin accumulation in the 
first 9 h correlated with decreased P. sojae fungal growth at 10 h. Soybeans that remained 
susceptible to P. sojae growth did not accumulate high glyceollin levels until 24 h. As a 
result, the authors hypothesized that early localized glyceollin accumulation was vital to 
P. sojae resistance (M Yoshikawa et al., 1978). Glyceollin has also been associated with 
enacting the hypersensitive response. As a result, fungal pathogen spores are maintained 
at site of infection where few cells become necrotic and die (Mohr & Cahill, 2001). 
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There are several possible methods by which glyceollin can act to inhibit fungal 
pathogens. Yoshikawa et al., (1987) inoculated soybean hypocotyls with Phytophthora 
capsica and used electron microscopy to observe fungal growth. At 15 h, when glyceollin 
accumulation had occurred, plasma membranes appeared to separate from cell walls and 
vesicles were destroyed (Masaaki YOSHIKAWA et al., 1987). Giannini et al (1990) also 
hypothesized that glyceollin affected the plasma membrane, by disrupting proton 
transport across the membrane. In this study, 50 #M of glyceollin completely inhibited 
proton pumping (Giannini et al., 1990). 
Recent studies have worked to determine the concentration of glyceollin needed 
to reduce fungal pathogen growth. Treatment with 75 #M and 150 #M glyceollin (80% 
glyceollin I, 10% glyceollin II, and 10% glyceollin III) resulted in decrease in pathogen 
growth. 75 #M glyceollin resulted in significant reduction of rot causing Macrophomina 
phaeolina, stem canker causing Diaporthe phaseolorum var. meridionales, and rot 
causing Rhizoctonia solani. 150 #M glyceollin resulted in significant reduction of leaf 
spot causing Cercospora sojina and root and stem rot causing Phytophthora sojae 
(Anatoly V Lygin et al., 2010). Kim et al., (2010) studied inhibition of spore germination 
of Phytophthora capisici, Sclerotinia sclerotiorum, Botrytis cinereal, and Fusarium 
oxysporum. 250 and 500  #g/mL glyceollin application resulted in 0% spore germination 
of the Phytophthora and Sclerotinia sp. The same concentrations resulted in 40-70% 




2.3.5.2. Human Health Related 
Glyceollin has a been linked to several health promoting properties including anti-
cancer, anti-inflammatory, and antioxidative activity (H. J. Kim, H.-J. Suh, J. H. Kim, S. 
Park, et al., 2010; Hyo Jung Kim et al., 2011; W. Lee et al., 2014; Salvo et al., 2006). 
Glyceollin is similar in chemical structure to estrogen receptor, so cancer research has 
been focused on glyceollin as an antiestrogenic compound. Tumor growth in breast and 
ovarian cancers is reduced when glyceollin inhibits estrogen receptor signaling pathways 
(Salvo et al., 2006). Glyceollin I and II have been specifically linked to transcription 
inhibition of proliferating estrogen related cancer cells, making them a promising 
therapeutic related to these cancers (Lecomte et al., 2017). Inflammation caused by 
macrophages is tempered by glyceollin inhibition of inflammation factors such as 
interleukin 6, tumor neurotic factor, extracellular regulated kinase 1, and nitric oxide 
(Hyo Jung Kim et al., 2011; W. Lee et al., 2014). Reactive oxygen species (ROS) such as 
ferric ions or superoxide are reduced to less reactive forms in cells treated with glyceollin 
(H. J. Kim, H.-J. Suh, J. H. Kim, S. Park, et al., 2010). Additionally, the incorporation of 
a glyceollin rich soy diet led to lower cholesterol in mice plasma (Huang et al., 2013). 
Glyceollin health promoting activities could be substantive in treating cancer, brain, 
cardiovascular, glucose metabolism, osteoporosis, and inflammatory related diseases 
(Pham et al., 2019). 
2.3.6. Methods of Analysis  
Glyceollin analysis utilizes similar extraction and chromatography methods. 
Berhow et al., (2002) uses a 1:1 ration of DMSO solvent added to 3 mL of soybean 
sample, followed by sonification for 15 mins at 50 ℃. Samples are filtered, and reverse 
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phase HPLC is used to quantify glyceollin with a mobile phase of 20% methanol and 
0.025% trifluoracetic acid with 1 ml/min flow rate. Mass spectrometer is used to confirm 
glyceollin, using a photodiode array detector at 280 nm. The column used for mass 
spectrometry was 90% water, 10% methanol, and 0.1% formic acid with flow rate 0.25 
mL/min (Berhow et al., 2002).  
2.4. Pullulan 
Pullulan is a multi-use polymer that is produced by the yeast Aureobasidium 
pullulans (K. C. Cheng et al., 2011). Forms pullulan can be utilized for multiple 
application including; fibers, films, and powders.  Pullulan fibers can be used as dietary 
additive for some animals and humans. The fiber nature of pullulan has been utilized in 
the food/drink industry, cosmetic industry, and soap/toothpaste industry. The fiber form 
is adhesive, so it has filler properties. The powder form of pullulan is primarily used as a 
dietary additive. Finally, the film form of pullulan is used primarily for coating. This 
property is mainly used on different food products (Leathers, 2003).  
Pullulan is a long polysaccharide made up of maltotriose units (Figure 1.7). A 
maltotriose unit is made up of three glucose sugars that are connected by a 1,4 glycosidic 
bond. The maltotriose units that build the pullulan molecule are connected by 1,6 
glycosidic bonds. Its structure is linked to its flexible and its strong fiber nature. 
Additionally, the molecule is very water soluble, but because of its sugar structure not 
soluble in organics (Kumar et al., 2012).  
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Figure 1.7: Basic structure of pullulan (Kumar et al., 2012).  
 
2.4.1. Aureobasidium pullulans 
Aureobasidium pullulans is a non-pathogenic highly diverse yeast like fungus 
(K.-C. Cheng et al., 2011b). It is described as diverse, because it has many different 
forms of colony morphology depending on nutrient conditions (Slepecky & Starmer, 
2009). Varying colony morphology will be discussed below. The fungus is also known to 
have different pigmentation than ranges from yellow-white, light to dark pink, and even 
darker black (Pollock et al., 1992).  
A. pullulans was first distinguished on fruits and vegetables. It has been found in 
the soil around the world, from New Zealand to Canada and South Africa to Brazil. The 
yeast was studied because it was found often on grapes, and it was believed to have been 
favorable for wine fermentation. Additionally, A. pullulans on wine is known to prevent 
growth of other fungus, which suggest antimicrobial ability (Bozoudi & Tsaltas, 2018). 
Pullulan has been majorly discussed as an important product of A. pullulans, but there are 
important compounds produced (Leathers, 2003). A number of enzymes are produced by 
the organism, such as amylases, cellulases, lipases, xylanases, proteases, laccase, 
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mannanases. Additionally, enzymes produced such as pectinases, glucanases, xylanases, 
and proteases are useful in wine production (Bozoudi & Tsaltas, 2018).  
2.4.1.1. Pullulan Production Pathway in Cell 
Pullulan is produced in the cell when there is a sufficient amount of carbohydrate 
stored within the cell (K.-C. Cheng et al., 2011b).  There are numerous studies which 
have tried to determine which morphological cell type is responsible, which will further 
be discussed below. Biosynthesis of pullulan occurs within the cell, specifically near the 
cell wall. Once pullulan is synthesized it is secreted outside the cell to form a slime layer 
(L. Simon et al., 1993).  
Enzymes responsible for the production of pullulans include &-phosphoglucose 
mutase, UPDG pyrophosphorylase, and glucotransferase. Since A. pullulans can utilize 
many sugars for pullulan production (K. C. Cheng et al., 2011), they first must be 
converted to uridine diphosphate glucose (UDPG) by  &phosphoglucose mutase and 
UPDG pyrophosphorylase (K.-C. Cheng et al., 2011b).  The phosphate groups are 
removed from UPDG, and the resulting glucose can be linked to another glucose via 
glucotransferase. This process is repeated with UPDG to build pullulan (K.-C. Cheng et 
al., 2011b). 
2.4.1.2. Colony Morphology of A. pullulans Cells 
Aureobasidium pullulans is diverse in cellular morphology (Pechak & Crang, 
1977). Slepecky & Starmer (2009) describe the “phenotypic plasticity” of fungal species 
capable of different morphology as a response to different environmental conditions. 
They found primary nutrient sources such as carbon and nitrogen can cause signals to the 
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plasma membrane to switch from yeast to mycelial growth (Slepecky & Starmer, 2009). 
Pechak & Crang (1997) described branched filaments, yeast-like cells, swollen cells, 
septate swollen cells, and chlamydospores. They found that swollen yeast like cells are 
likely a transition stage between yeast-like and chlamydospores. (Pechak & Crang, 1977). 
Guterman and Shabtai (1996) used a self-tuning vision system to identify size of cells; 
yeast-like cells (5-10 #m), young blastospores (8-10#m), swollen blastospores (12-15 
#m), chlamydospores (17-25#m). They also identify chlamydospores as appearing to be 
bicellular, and mycelium as long multicellular chains (H. Guterman & Y. Shabtai, 1996).    
Changes in cell morphology also seem to coordinate with time points in A. 
pullulans fermentation (Dominguez et al., 1978; H. Guterman & Y. Shabtai, 1996; B. X. 
Li et al., 2009; Pechak & Crang, 1977).  Pechak & Crang (1997) found blastospores and 
swollen cells within the first 8 h of their malt fermentation. The blastospores could give 
rise to swollen cells or budding swollen cells. They also found that swollen cells could 
give rise to septae swollen cells or chlamydospores. Germ tubes also were found on 
elongating spores at 6-10 h (Pechak & Crang, 1977). Guterman and Shabtai (1996) found 
a similar result with blastospore and chlamydospore morphology. They found yeast like 
and blastospores occurred earlier on in time, and chlamydospores began to form later on 
(H. Guterman & Y. Shabtai, 1996). A more recent study by Li et al., (2009) found all 
Aureobasidium pullulans capable of producing all morphology types discussed above. 
However, they found that swollen cells give rise to blastospores early on in fermentation 
(B. X. Li et al., 2009). This is opposed to finding by Pechak and Crang (1977). However, 
the study by Li et al., (2009) did have similar findings of cell types related to 
fermentation time.  Yeast like cells were present in fermentation early on, followed by 
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appearance of swollen cells, and then chlamydospores (B. X. Li et al., 2009). Colony 
morphology has also been studied in conjunction with pullulan production and will be 
discussed further below. 
2.4.1.3. Carbohydrate Sources Needed 
Several studies have worked to determine what carbohydrates A. pullulans can 
use and which carbohydrate results in best overall growth. Examples of sugars trialed 
include sucrose, maltose, glucose, lactose, fructose, mannose, galactose, xylose, and 
soluble starch (K. C. Cheng et al., 2011; Sheng et al., 2016). Cheng et al., (2011) studied 
sucrose, glucose, lactose, and mannose and found A. pullulan unable to use lactose. 
Glucose resulted in the highest biomass (K. C. Cheng et al., 2011). Sheng et al., (2016) 
studied all 8 sugars mentioned above, and found xylose to result in the highest dry cell 
weight. However while  galactose and xylose support growth, they  resulted in little to no 
pullulan production  (Sheng et al., 2016). An early study by West and Hammer (1991) 
looked at sucrose, corn syrup, fructose, glucose, and maltose. The dry weight and pH of 
all five carbon sources were similar, but pullulan production varied greatly between the 
four (Thomas P West & Reed-Hamer, 1991). This observation is common throughout 
literature, as the highest dry cell weight or biomass often does not correlate with highest 
pullulan production (K. C. Cheng et al., 2011; Sheng et al., 2016). Therefore, sugars 
advantageous to pullulan production will be discussed later on.  
2.4.1.4. Nitrogen Sources Needed 
Concentration of nitrogen source can affect cell morphology, biomass, and 
pullulan production of A. pullulans. However, a higher nitrogen concentration does not 
necessarily cause all three of these factors to increase (K. C. Cheng et al., 2011; Ramos & 
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Acha, 1975; Seo et al., 2014; L. Simon et al., 1993). The addition of yeast extract early 
on in fermentation seems to enhance the production of swollen cells (Ramos & Acha, 
1975).  Simon et al., (1993) all found that cellular morphology was dependent media 
type. He used media supplemented with one nitrogen source (NH4)2SO4 vs two nitrogen 
sources (yeast extract and (NH4)2SO4) over the course of 4-day fermentation. Hyphae 
were present at highest % in the double nitrogen media. Chlamydospores were most 
abundant in single nitrogen media with decreased sugar concentration. Swollen cells were 
present at highest % in single nitrogen media and higher sugar concentration (L. Simon et 
al., 1993).  
Biomass was measured at yeast extract concentration of 1, 3, 5, 7.5, and 10 g/L by 
Cheng et al., (2011). They found that biomass and doubling time was highest at 7.5 g/L 
yeast extract. However, biomass was not significantly higher based on increasing yeast 
extract concentration, and was only significant when highest sucrose concentration was 
used (K. C. Cheng et al., 2011). Biomass has also been shown to increase linearly as 
nitrogen concentration increases from 0 to 0.45 g/L (H. Jiang et al., 2018). The effect of 
nitrogen on pullulan production will be discussed further below. 
2.4.1.5. Waste Products Used for Fermentation 
Another interesting application of Aureobasidium pullulans is its ability to utilize 
agricultural and industrial waste products as a primary feedstock. Examples from the 
agricultural industry include beet molasses, whey, sweet potato hydrolysate, sugarcane 
bagasse, rice hull, grape skin extract, corn liquor, coconut milk and water, and cassava 
bagasse (Singh et al., 2019). Thirumavalavan et al., (2008) tested various agricultural 
waste products against glucose for pullulan production. At 96 h bakery waste, cassava 
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powder, maize powder, and cashew fruit juice had higher pullulan concentration (g/L) 
compared to 30 g/L glucose with 5.0 g/L KH2PO4 and 0.2 g/L yeast extract. The highest 
pullulan producing substrate was cashew fruit juice at 50% concentration. At above 50% 
concentration of the juice, pullulan production declined (Thirumavalavan et al., 2008). 
2.4.2. Pullulan Production Dependent Factors 
The amount of pullulan produced by A. pullulans is dependent several factors. 
Examples include carbon and nitrogen source, carbon and nitrogen concentration, pH, 
growth stage of A. pullulans, and colony morphology of the A. pullulans (K. C. Cheng et 
al., 2011; B. X. Li et al., 2009; Thirumavalavan et al., 2008).  
2.4.2.1. Growth Kinetics 
The growth kinetics of A. pullulans can be determined by monitoring doubling 
time by increasing cell counts or cell mass. Dominquez et al., (1978) found that 
stationary phase was reached at about 72 h into his 14-day study with a glucose media of 
50 mg/mL. However, stationary phase did not mean cell morphology stopped changing. 
Yeast cells were predominant during exponential growth, while chlamydospores 
appeared as stationary phase continued (Dominguez et al., 1978). Biomass and pullulan 
production followed a similar timetable in a similar study by Guterman & Shabtai (1996). 
At about 50 h biomass peaks and seems to remain stagnant. Pullulan peaked slightly after 
biomass between the 72-96 h, and did not seem to increase after (H. Guterman & Y. 
Shabtai, 1996). Even when substrates such as bakery waste, cashew fruit juice, and maize 
powder were used, dry cell mass and residual glucose reached stationary phase at 96-120 
h (Thirumavalavan et al., 2008).  
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2.4.2.2. Colony Morphology 
There are several cell morphological forms of Aureobasidium pullulans as 
discussed above. From the late 1970s to more current times researchers have linked 
pullulan production to all different morphological types (Campbell et al., 2004; Catley, 
1980; Dominguez et al., 1978; H. Guterman & Y. Shabtai, 1996; Kockovakratochvilova 
et al., 1980; B. X. Li et al., 2009; L. Simon et al., 1993). Dominguez et a.,l (1997) 
hypothesized extracellular polysaccharide production was directly linked to yeast like 
cells. Larger yeast cells had thicker cell walls, that also correlated with increased 
polysaccharide, such as pullulan, production (Dominguez et al., 1978). Findings by 
Catley et al., (1980) agreed that single cell yeast resulted in higher pullulan production. 
However, Catley found that spore like cells, such as blastospores, also produced pullulan 
(Catley, 1980). However, other researchers have disagreed. Simon et al., (1993) found 
that chlamydospores in the middle stage of fermentation resulted in highest pullulan 
production. His findings suggest hyphae do not produce pullulan, which he hypothesized 
was the result of lower oxygen availability in this growth stage (L. Simon et al., 1993). 
Campbell et al., (2004) agrees, suggesting that  that chlamydospores, and their precursors 
swollen cells, correlated more strongly with increased pullulan production compared to 
blastospores and mycelium (Campbell et al., 2004). It is hypothesized that the lower pH 
environment of swollen cells contributes to pullulan production (B. X. Li et al., 2009).  
2.4.2.3. Media/Environment 
Pullulan production is also linked to specific carbon source and nitrogen 
concentration in the media.  As discussed above, high A. pullulans biomass does not 
always correlate with high pullulan production. Findings suggest sucrose results in 
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highest pullulan production, even though it must be first broken down into glucose and 
fructose (K.-C. Cheng et al., 2011b; Sheng et al., 2016). At 50g/L sugar, sucrose 
produced 11.2 g/L pullulan compared to 10.6 g/L by glucose. Additionally, sucrose 
media resulted in higher sugar consumption, doubling time, and overall efficient usage 
(K. C. Cheng et al., 2011; Sheng et al., 2016). 
Results for optimum sucrose concentration (g/L) for pullulan production are 
varied. In one study, 75 g/L was the optimal sucrose concentrations compared to 30, 50, 
and 100 g/L sucrose (K. C. Cheng et al., 2011). When high sucrose concentration from 
120, 140, 160, 180, and 200 g/L were tested, 140 g/L was found to be be optimal (H. 
Jiang et al., 2018). However, not all authors agree that higher sucrose concentrations 
should be used for pullulan production. One study found anything over 5-10% sucrose 
would be inhibitory to the cell for pullulan production as well as specific growth rate 
(Shin et al., 1987).  
It has been hypothesized that nitrogen can act as a limiting nutrient that sparks 
pullulan production. Pullulan was produced in shake flask experiments when a low 
amount of one nitrogen source was used, but not in media with two nitrogen sources (An 
et al., 2017). Seo et al., (2014) studied nitrogen concentrations between 1-9%, and found 
optimum nitrogen condition was 5%. He hypothesized anything over 5% nitrogen 
resulted in production of other extracellular polysaccharides, and not pullulan (Seo et al., 
2014). It is also hypothesized that excess nitrogen had an inhibitory effect on the activity 
of the UDPG-phosphorylase enzyme (H. Jiang et al., 2018). This is significant, because 
ass discussed above, UDPG is an important precursor of pullulan (K.-C. Cheng et al., 
2011b).   
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Finally, the impact of pH is also thought to contribute to ability of the A. pullulans 
cell to produce pullulan. Again, the effect of pH is debated between different studies. 
Results vary slightly for pH range, with a pH level of 5 (K. C. Cheng et al., 2011) all the 
way to 6.5 found optimal (Thirumavalavan et al., 2008). However, it is also possible the 
pH is only reflecting cell morphology present at that point of fermentation. Li et al., 
(2009) found that chlamydospores and swollen cells were more common at lower pH (3-
5), while yeast cells could even be found at very basic pH of 10. His study found that 
media with pH 3-5 resulted in swollen and chlamydospore morphology that was optimal 
for pullulan production (B. X. Li et al., 2009).  
2.4.3. Industrial Significance of Pullulan 
Pullulan is very durable, and its structure resists changes to pH, temperature, and 
mechanical stress. The food industry uses these properties to utilize pullulan as a food 
coating. On fruits, vegetables, and meat products, a pullulan coating not only increases 
shelf life, but also helps act to deter microbial growth. The coating is thin, impermeable 
to oxygen, and is safe to be eaten (Singh et al., 2019). Pullulan is also highly adhesive. 
The adhesive nature of pullulan is utilized in the food and cosmetic industries (Leathers, 
2003). Pullulan can be used to bind nuts to cookies or hold together snack bars (Singh et 
al., 2019). In the cosmetic industry, pullulan is used in lotions, shampoos, and pastes. 
Pullulan can also be utilized in a powder form, as a filler in both foods and beverages. It 
is a long chain sugar polymer, so it can be used as a starch like ingredient. Additionally, 
scientists have also found evidence that pullulan used in this powder form has prebiotic 
like ability (Leathers, 2003). Recently, pullulan has also been incorporated for use in the 
medical industry. Drugs that target cancer cells are commonly deployed by the use of a 
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lipid-based micelle. Pullulan has been successfully been utilized as a micelle to deliver 
drugs. Additionally, pullulan can be used as a part of the vesicle used to transfer DNA in 
gene therapy. Finally, pullulan has been incorporated into hydrogels that are used in 
wound healing (Tabasum et al., 2018).  
2.4.4. Methods of Analysis  
Crude pullulan can be produced by either solid-state or submerged fermentation. 
Depending on the strain used, before crude pullulan is purified, the melanin pigment 
needs to be removed. After this step, an organic solvent is used to separate pullulan from 
supernatant fraction (Singh et al., 2019). Examples of organic solvents used include 95% 
ethanol or isopropanol (An et al., 2017; Sheng et al., 2016; Vijayendra et al., 2001). After 
pullulan is precipitated out using the organic solvent and centrifugation, a ultra-filtration 
step is needed (Singh et al., 2019). The remaining pullulan is dried for at 80 ℃ (An et al., 











CHAPTER II. INTRODUCTION  
 
Agricultural wastes have been utilized by genetically engineered yeast or fungal 
cultures to produce co-products with enhanced nutritional properties, enzymes, and 
medicinal compounds (Eromosele et al., 2013; Lio & Wang, 2012; B. Mishra & Lata, 
2007). Fungal fermentation has been successfully used to improve the nutritional 
characteristics of agricultural byproducts such as DDGS or soybean meal   (Iram et al., 
2020; H. J. Kim, H.-J. Suh, J. H. Kim, S. Park, et al., 2010). It is important to keep 
pushing the bar for innovative nutritional, health, and overall value-added fermented 
products. As world population increases, it is necessary that more food products with 
higher nutritional value be developed. As natural resources dwindle, it is just as important 
to develop alternative products from renewable resources as compared to traditional 
products from non-renewable resources. Products produced by fungal fermentation have 
the capability to meet these challenges. For example, fungal fermented plant-based foods 
have exploded onto the market for their photochemical components linked to health 
benefits (Jimenez-Garcia et al., 2013). Additionally, fungal fermentation has led to the 
productions of bio-plastics from agricultural based monomers (Reddy et al., 2013). This 
work focuses on two specific fungal fermented value-added products, glyceollin-enriched 
soybeans and pullulan.  
Glyceollin-enriched soybeans are germinated seedlings with the elicitor induced 
presence of the phytochemical – glyceollin. Glyceollin is a secondary metabolite, 
produced during stress conditions to the soybean plant (M Yoshikawa et al., 1978). Stress 
conditions could include attack by fungal or bacterial pathogens, which is why 
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inoculation with fungal spores or mycelium is such an effective elicitor of glyceollin 
(Ayers et al., 1976; I. S. Park et al., 2017). The signaling of the phenylpropanoid pathway 
as a result of recognition of fungal elicitors is responsible for the production of glyceollin 
from a phytochemical precursor – daidzein (Vadivel et al., 2019).  Daidzein is an 
isoflavone, naturally present at high levels in many fermented soy products (Gianluca 
Rizzo & Luciana Baroni, 2018). Isoflavones can be found in several plants of the 
Fabaceae family, while glyceollin is found almost exclusively with soybeans (Gao et al., 
2015). 
It is estimated that 370 million metric tons of soybeans will be produced by 2030 
(Masuda & Goldsmith, 2009), a large amount of which will likely be used as a protein 
source for animal feed and human consumption (Dei, 2011; Gianluca Rizzo & Luciana 
Baroni, 2018). Soybeans are an optimal protein feedstock for animals, with desirable 
amino acids, high protein, and high energy. Examples of soy feedstocks include soybean 
protein concentrates, soy protein isolates, and full-fat meal (Dei, 2011). For human, 
soybeans also are high protein, with additional oil components. Soy foods for humans are 
increasing in popularity and are already well developed in many Asian countries 
(Gianluca Rizzo & Luciana Baroni, 2018). Vegan options such as soy burger, soy cheeses 
and milks, and soy flours, as well as traditional foods such as tofu, miso, soy sauce are 
just a few examples (Zaheer & Akhtar, 2017).  
The addition of expressed levels of glyceollin to soybeans would be another 
added nutritional/health benefit to soybeans for both humans and animals. Glyceollin acts 
as a plant defender to fungal and bacterial pathogens, by inhibiting spore formation, as 
well as proton transport across the membrane during ATP synthesis (Boydston et al., 
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1983; Giannini et al., 1988). This means that glyceollin has known antimicrobial action, 
which has been proven against several pathogens (H. J. Kim, H.-J. Suh, C. H. Lee, et al., 
2010; A. V. Lygin et al., 2013). The antimicrobial nature of glyceollin-enriched soybeans 
has potential to improve gut health of animals; particularly swine, with a large portion of 
their diet including soybean meal. Young pigs are susceptible to many bacterial diseases, 
such as post weaning diarrhea caused by E. coli. This pathogen behind this particular 
disease has shown increased antibiotic resistance over the last several decades (Mathew 
et al., 1998). Glyceollin-enriched soybeans have the potential to be a natural 
antimicrobial alternative to antibiotics, which would also help to counteract the effects of 
antibiotic resistance.  
Research into the health and nutritional benefits of glyceollin to both animals and 
humans shows why it is so important to successfully elicit high and consistent levels of 
glyceollin. Current research shows the glyceollin concentration can reach high levels, 
such as 5-9 mg/g (I. S. Park et al., 2017). However, often in research glyceollin levels are 
extremely varied, and dependent on type of fungal elicitor used for expression as well as 
soybean variety (Boue et al., 2000; Feng et al., 2007; Kalli et al., 2020; H. J. Kim, H.-J. 
Suh, J. H. Kim, S. C. Kang, et al., 2010). Fungal strains, reactive oxygen species (ROS), 
organic acids, hormones, and UV light have been used to elicit glyceollin expression (K. 
Farrell et al., 2017; M. A. Jahan & N. Kovinich, 2019; Kalli et al., 2020; I. S. Park et al., 
2017). The fungal spores of Aspergillus sojae has been especially successful with 
glyceollin elicitation (Boue et al., 2000; I. S. Park et al., 2017). Our research team has 
found Trichoderma reesei to be the most successful fungal variety, when mycelium is 
applied to surface of dehulled beans (Isaac et al., 2017). Comparison of A. sojae vs. T. 
56 
reesei as spore inoculum elicitor is necessary to determine which species results in higher 
glyceollin titers. Currently, T. reesei has not been compared to this fungal variety. Other 
elicitors mentioned above have resulted in glyceollin production at low levels, but a 
recent paper by Kallie et al (2020) has shown success of a priming (ROS) treatment 
before addition of Rhizopus oligosporous. We believe a priming like treatment with the 
elicitor UV light, before addition of A. sojae or T. reesei, could yield similar results. UV 
light has increased expression of isoflavone synthase genes, as well as glyceollin 
synthesis (Y. J. Lim et al., 2020; I. S. Park et al., 2017).  
In order to test the two fungal varieties or other elicitors, it would be beneficial to 
test soybeans of different maturity level, susceptibility to fungal disease, or genetic 
makeup. Our previous study utilized only those varieties from small geographic location 
in southeastern South Dakota (Wootton, 2019). Wide-ranges of Korean soybean varieties 
have been studied (I. S. Park et al., 2017), but less so with US soybean varieties, where 
genetics for maturity vary upon planting date (X. Q. Liu et al., 2017). It is important to 
evaluate soybean varieties of ranging genetics, as maturity level has been implicated to 
impact isoflavone levels (C. Y. Wang et al., 2000; Zhang et al., 2014). Major objectives 
of this study are to (A) acquire different soybean varieties of different maturity level, as 
well as soybeans known to be susceptible to fungal disease, (B) test A. sojae and T. reesei 
spore inoculum on varieties of varying maturity, and (C) based off results of highest 
yielding soybean variety and fungal inoculum, add in a pretreatment with UV light 
elicitor. 
Pullulan is a long polysaccharide produced from the yeast-like fungus 
Aureobasidium pullulans. The long polymer is useful as a film, fiber, and a powder 
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(Leathers, 2003). Pullulan has been used as a fruit, vegetable, or meat-coating product, an 
adhesive to hold together granola bars, and even a potential drug delivery vehicle (Singh 
et al., 2019). The film-like nature of pullulan has been found to be potential as a bio-
plastic, as well as biodegradable (Rishi et al., 2020). Research is needed into the optimal 
growth conditions for A. pullulans, in order to develop pullulan at high levels at low cost. 
Low-cost production of pullulan would lead to research into a renewable replacement to 
non-renewable plastics.  
Aureobasidium pullulans is capable of production of pullulan from a wide variety 
of sugars, as well as agricultural wastes (K.-C. Cheng et al., 2011b; Singh et al., 2019). 
The most efficient carbohydrate source has been found to be sucrose (K.-C. Cheng et al., 
2011b; Sheng et al., 2016). However, the sucrose concentration is varied throughout 
literature, between 30 g/L-180 g/L having been tested and resulting in pullulan 
production (K. C. Cheng et al., 2011; Hong Jiang et al., 2018). It is possible then that low 
sucrose concentration could result in optimal growth kinetics for A. pullulans that would 
production pullulan. Nitrogen source is also an important component for growth kinetics, 
with nitrogen limitation linked to higher pullulan levels (An et al., 2017; Hong Jiang et 
al., 2018).  
Another factor that needs to be considered for pullulan production is colony 
morphology of A. pullulans. The organism exhibits “phenotypic plasticity” as a response 
to varying environment (Slepecky & Starmer, 2009). The morphologies include yeast-
like cells, swollen cells, chlamydospores, blastospores, and mycelial branches. 
Researchers have found that yeast like cells arise first, followed swollen cells and 
blastospores, and then chlamydospores and mycelial morphology (H. Guterman & Y. 
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Shabtai, 1996; Pechak & Crang, 1977). Each of these morphologies have been linked to 
pullulan production. Yeast cells being the predominate pullulan production (Catley, 1980; 
Dominguez et al., 1978), blastospores (H. Guterman & Y. Shabtai, 1996), and 
chlamydospores (Campbell et al., 2004). Further tracking of colony morphology should 
be carried out to determine if there is any correlation to increased pullulan with a certain 
morphology.  
Based off literature supporting sucrose as the optimal sugar for pullulan 
production, we used this sugar as the carbohydrate source for Aureobasidium pullulans. 
Concentrations at 0, 5, 10, 15, 20, 25, and 50 g/L were chosen for evaluation. The 
limitation of nitrogen is also an important component, so a relatively low concentration of 
yeast extract (5 g/L) was also selected. Our objectives were to (A) determine optimal 
concentration of sucrose at flask level based on A. pullulans growth kinetics (B) to scale 
up fermentation to larger flask volume with optimal sucrose concentrations to further 
understand A. pullulans growth kinetics at longer time frame, and (C) to scale up to 5L 
Bioflo level to monitor both growth kinetics and pullulan production. If optimal pullulan 
production can be determined at relatively low sucrose concentration, this would be a 
great low-cost opportunity for pullulan production. Pullulan production research is vital, 
as it has potential to replace dwindling non-renewable plastics, fibers, or films.  
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3. CHAPTER III. FUNGAL INOCULATION BY TRICHODERMA REESEI AND 
ASPERGILLUS SOJAE ON GLYCINE MAX SEEDS AT VARYING MATURITY 
LEVEL TO ENHANCE GLYCEOLLIN PRODUCTION 
Abstract 
Glyceollin is a secondary metabolite produced under stress conditions by soybean 
to act as a plant defender to pathogen attack. The antimicrobial nature of glyceollin 
makes it a promising natural alternative to antibiotics if incorporated into livestock feed. 
However, production of glyceollin is highly variable, dependent on soybean variety and 
fungal elicitor used as inoculum. Our study compared two fungal spore elicitors, 
Trichoderma reesei and Aspergillus sojae on soybeans of diverse maturity level, and 
fungal susceptibility to determine highest glyceollin titer. Spore inoculation with T. reesei 
elicited highest glyceollin titers of 2.42±0.20 mg/g at 120 h, while A. sojae elicited 
highest titers of 1.45±0.49 mg/g at 96 h. Additionally, our results demonstrated 
decreasing trends in glucoside isoflavones, with increase in aglycone precursor daidzein 
for all soybean varieties. These results demonstrated the production of high level of 





The overuse of antibiotics in the livestock feed has led to the development of 
antibiotic resistant microorganisms (Aarestrup et al., 2000; Mathew et al., 1998). In 2015, 
the Veterinary Feed Directive made amendments to limit the use antibiotics in feed and 
water to curtail the rise of antibiotic resistant organisms  (VFD, 2015). To meet the 
growing need for alternatives to antibiotics, scientists began to investigate the use of 
probiotics and prebiotics, enzymes, organic acids, and plant derived compounds (Chavan 
et al., 2018; Dahiya et al., 2006; Heo et al., 2013). Glyceollin – a soybean derived 
secondary metabolite has known antimicrobial activity and is a potential alternative to 
antibiotics in the animal livestock industry (Giannini et al., 1990; H. J. Kim, H.-J. Suh, C. 
H. Lee, et al., 2010; Anatoly V Lygin et al., 2010; M Yoshikawa et al., 1978).  
Glyceollin is a phytoalexin, or a metabolite produced by the plant under a wide 
range of stress conditions. Stress conditions stimulate the phenylpropanoid pathway, 
which results in the production of a large class of soybean phytoalexins known as 
isoflavones (Vadivel et al., 2019). The isoflavone daidzein is the precursor molecule of 
glyceollin. Isoflavones have three phenyl benzene ring structure. The glucoside 
isoflavones (daidzin, genistin, and glycitin) have an additional sugar group attached to the 
first phenylbenzene ring, while the aglycones (daidzein, genistein, and glycitein) do not 
have a sugar group. Malonyl and acetyl groups can be added to the three isoflavones to 
result in further conformations (Křížová et al., 2019; Zubik & Meydani, 2003). 
Fermented products such as tempeh and miso contain higher levels of the aglycons 
(Larkin et al., 2008). Glyceollin has a similar pterocarpan backbone with three isomers 
with glyceollin I and II differing based on location of oxygen group, and glyceollin III 
61 
with a hexose ring (Zimmermann et al., 2010). Total glyceollin production (mg/g) is the 
combination of glyceollin I, II, and III analyzed throughout this study. 
Upon production by the soybean plant, glyceollin has been shown to inhibit 
soybean pathogen Phytophthora sojae (Lazarovits et al., 1981; Mohr & Cahill, 2001; M 
Yoshikawa et al., 1978), as well as other fungal pathogens Macrophomina phaeolina, 
Diaporthe phaseolrum, and  Rhizoctonia solani (Anatoly V Lygin et al., 2010). 
Disruption of microbial membranes and proton transport has been hypothesized to inhibit 
microbial growth (Giannini et al., 1988; Giannini et al., 1990; Masaaki YOSHIKAWA et 
al., 1987).  In addition to antimicrobial activity, both glyceollin and isoflavones have 
potential for human health, with benefits such as anti-cancer, antioxidant activity, anti-
inflammatory activity, and cholesterol reduction (Huang et al., 2013; H. J. Kim, H.-J. 
Suh, J. H. Kim, S. Park, et al., 2010; Lecomte et al., 2017; W. Lee et al., 2014). 
Stress events, or elicitors, that signal production of phenylpropanoid pathway 
include fungal or bacterial cells (Boue et al., 2000; Feng et al., 2007; Fett & Zacharius, 
1983; H. J. Kim, H.-J. Suh, C. H. Lee, et al., 2010; Mee Ryung Lee et al., 2010; Schmidt 
et al., 1992), fungal wall components (K. Farrell et al., 2017; Park et al., 2002), alginate 
oligosaccharides (Peng et al., 2018; K. Wang et al., 2018), soy hormones (Park et al., 
2002), metal ions (S. Liu et al., 1992; I. S. Park et al., 2017), organic acids (M. A. Jahan 
& N. Kovinich, 2019), ROS species (Kalli et al., 2020), and UV light (Y. J. Lim et al., 
2020; I. S. Park et al., 2017). Our previous findings indicated that fungal inoculation by 
Trichoderma reesei can result in highest glyceollin production among others tested (Isaac 
et al., 2017). Recently Aspergillus sojae has been extensively studied as an elicitor and 
has resulted in high glyceollin titers (John et al., 2013; H. J. Kim, H.-J. Suh, C. H. Lee, et 
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al., 2010; I. S. Park et al., 2017). There is no direct comparison of total glyceollin 
between Trichoderma reesei and Aspergillus sojae on the same soybean varieties. 
Additionally, there is little known impact of these two fungal strains to isoflavone levels. 
Studies have shown mixed results for correlation between daidzein, daidzin, or other 
isoflavones with glyceollin, and the precursor molecule daidzein does not always 
decrease or increase based on high glyceollin production (M. A. Jahan et al., 2019; Md 
Asraful Jahan et al., 2020; I. S. Park et al., 2017; Vadivel et al., 2019). These results are 
also shown in our own previous studies (Isaac et al., 2017; Wootton, 2019). 
In order to compare T. reesei vs A. sojae fungal inoculation, soybean varieties of 
wide maturity level and genetic makeup were acquired. Genetically modified and 
conventional varieties with wide maturity level were compared to fungal susceptible 
soybeans from the USDA. Diverse soybean samples allowed for comparison of T. reesei 
and A. sojae for total glyceollin and isoflavone production. The goal of this study was to 
determine which fungal strain achieved highest total glyceollin (mg/g) production, as 
well as determine the impact of soybean variety to both glyceollin and isoflavone 
production. Highest yielding soybean varieties and fungal inoculum can be further used 
to elicit glyceollin enriched soybeans, with potential animal antimicrobial and human 
health benefits.  
3.2. MATERIALS AND METHODS  
3.2.1. Soybeans 
Four soybean varieties of wide maturity level were obtained from Asgrow of 
Bayer Crop Science (Creve Coeur, MO). Seeds were untreated Round Up Ready 2 Xtend 
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and included AG34X9, AG45X6, AG54X9, and AG69X6 with maturity level of 3.4, 4.5, 
5.4, and 6.9, respectively. Two conventional soybean varieties of maturity level 1.1 and 
2.3 were obtained from Mustang Seed, (Madison, SD). Seeds were untreated and 
included C108N and C226N. Varieties susceptible to fungal diseases acquired from the 
USDA ARS Germplasm Resources Information Network (GRIN) (Beltsville, MD) are 
shown in Table 3.1. 
Table 3.2.1: Soybeans susceptible to various fungal pathogens collected from the USDA 





Yota 3.0 Brown Stem Rot, 
Phytophthora Rot 
Williams 82 3.8 Frogeye Leaf Spot, 
Soybean Rust 
Hernon 237V 7.0 Northern Stem 
Canker, Phytothora 
Rot 
CNS-4 7.0 Southern Stem 
Canker 
BRS-Carnuba 10.0 N/A 
 
3.2.2. Fungal Cultures 
Aspergillus sojae (NRRL  6271) and Trichoderma reesei (NRRL 3653) were 
obtained from the ARS Culture Collection (NRRL) Peoria, IL. Cultures were maintained 
on Potato Dextrose Agar (Difco Fisher Scientific, Hampton, NH) at 4 ℃.  
1: Soybeans su ceptible to various fungal pathogens collected from the USDA 
RS er plas  Resources Infor ation et ork. 
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3.2.3. Fungal Inoculum Preparation 
For preparation of spore inoculum, a 0.25-inch plug of A. sojae or T. reesei 
mycelium was placed on a PDA plate and left at room temperature for 7 days. The spores 
were mixed with 15 mL of sterile water and poured into a 50 mL conical tube. Spores 
were vortexed for 1 minute. For preparation of my mycelial inoculum, 100 #L of 5% 
glucose yeast extract (GYE) was transferred to PDA plate of A. sojae or T. reesei. The 
GYE was swirled gently to collect fungal growth, and the 100 #L was transferred to a 
100 mL flask of 5% GYE. The flask was incubated at 30℃ for 48 h. Mycelial fragments 
were broken apart with pipette tip before inoculation. 
3.2.4. Soybean Seed Preparation and Inoculation  
Seeds were surface sterilized in Micro 90 for 10 minutes and then transferred to a 
jar of 150 mL of sterile water to soak for 12 h. Hulls were removed by applying gentle 
pressure to the bean to avoid cracking. 10 dehulled beans were placed in a petri dish 
growth chamber. Growth chamber consisted of a petri dish with two pieces of filter paper 
on the bottom. 1 mL of sterile water was added to wet the filter paper at the bottom. For 
soybeans of varying maturity, 10 #L of either A. sojae or T. reesei fungal inoculum was 
applied to the surface of each bean. Two pieces of filter paper were placed on top of 
inoculated beans, and 1 mL of water added to the filter paper surface. Plates were sealed 
by using parafilm and placed in an incubator at 30 ℃. Plates were removed at 0, 24, 48, 
72, 96, and 120 h. Each timepoint had biological replicates performed in triplicate. 
Because only limited quantity (100 counts) of fungal susceptible soybeans could be 
acquired from USDA, tests were conducted only with A. sojae inoculum (chosen based 
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on success in literature (Boue et al., 2000; H. J. Kim, H.-J. Suh, C. H. Lee, et al., 2010; I. 
S. Park et al., 2017) and limited sampling timepoints of  0, 96, and 120 h. 
3.2.5. Isoflavonoid Extraction and Quantification 
Soybean seedlings were ground to a fine powder using a Krups coffee grinder 
(Solingen, Germany). Soybean flavonoids were extracted and analyzed following the 
(Berhow et al., 2002) and (Berhow et al., 2006) method. Each sample was analyzed in 
three technical replicates and averaged for is isoflavonoid production (mg/g). For single 
step extraction analysis, defatted samples (typically 0.25 grams) are placed in a vial and 3 
mL of methanol or a dimethylsulfoxide:methanol (1:1) solution added. The vials are 
capped and wrapped with sealing tape and incubated in an oven for 12-72 h at 30-50˚C. 
Then, the samples are sonicated for 15 minutes at 50˚C and allowed to stand at room 
temperature for 1-2 h. An aliquot is removed from the vial and filtered through a 0.45 µM 
nylon 66 filter for HPLC analysis for phenolics.  
 HPLC analysis was conducted on a Shimadzu Prominence LC-20 HPLC system 
(LC-20AT quaternary pump, DGU-20A5 degasser, SIL-20A HT autosampler, a CTO-
20A column oven, and a SPD M20A photodiode array detector, running under Shimadzu 
LCSolutions version 1.22 chromatography software, Columbia, MD, USA). The column 
was an Inertsil ODS-3 reverse phase C-18 column (5 µM, 250 x 4.6 mm, GL Sciences, 
Torrance, CA). For phenolic analysis, the initial conditions were 10% methanol and 
0.025% trifluroacetic acid (TFA) in water, at a flow rate of 1 ml per minute. The effluent 
was monitored at 260 nm on the PDA. After injection (typically 15-25 µL), the column 
was held at the initial conditions for 2 minutes, then developed to 100% methanol and 
0.025% TFA in a linear gradient over 50 additional minutes.  
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  Samples were run on an Thermo Electron LTQ Orbitrap Discovery Mass 
Spectrometer. The column used was an Inertsil ODS-3 reverse phase C-18 column (3 µ, 
150 x 3 mm from GL Sciences, Torrance, CA. For phenolic analysis, the initial 
conditions were 20% methanol and 80% water with 0.1% formic acid in both phases, at a 
flow rate of 0.25 ml per minute. After injection of 2 µL of sample, the column was 
developed to 100% methanol and 0.1% formic acid in a linear gradient over 50 minutes. 
The software package was set to collect mass data between 100-2000 AMUs. 
3.2.6. Statistical Analysis 
The three biological replicates at each timepoint are reported as mean ± standard 
deviation (mg/g) calculated by Microsoft Excel 2019. A one-way ANOVA was 
conducted (p < 0.05) using R package 3.5.2 to test for statistical significance.  
3.3. RESULTS 
3.3.1. Effect of Fungal Inoculum Types on Glyceollin Titer 
Depending on the fungal strain, either fungal spores or mycelium are reported to 
be used as an inoculum for glyceollin production in soybeans (Ayers et al., 1976; Boue et 
al., 2000; Isaac et al., 2017; Mee Ryung Lee et al., 2010). In this study, when soybeans 
were inoculated with A. sojae mycelium there was no glyceollin production (data not 
shown). Therefore, A. sojae spores were used to inoculate soybeans. Unlike A. sojae, T. 
reesei mycelial inoculum was able to stimulate glyceollin production in soybeans, but the 
glyceollin titers were higher with T. reesei spore inoculums (Figure 3.1). This was 
contrary to our previous study, which found mycelial inoculation of T. reesei resulting in 
higher total glyceollin production (mg/g) than spore inoculation (Wootton, 2019). One 
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possible reason for this difference could be the maturity of spores used in these two 
studies. For example, in the present study, T. reesei spores were harvested after 7 days, as 
compared to 48 h in the previous study (Wootton, 2019). These results clearly suggested 
that spore inoculation is more effective than mycelial inoculums to stimulate glyceollin 
synthesis.  
 
Figure 3.3.1: Comparison of T. reesei spore’s vs mycelium inoculums on total 
Glyceollin (mg/g) production at 96 h of incubation by different soybean varieties. 
Significance (p < 0.05) is shown by *. 
 
Images of fungal growth by spore inoculation method are shown in Figure 3.2. 
Soybeans inoculated with T. reesei had increasing amounts of black mycelial growth on 
and around the bean as incubation time increased. Beans inoculated with A. sojae did not 
show as much mycelial growth, with only small patches of dark green mycelium and 
brown/black neurotic tissue appearing on the bean at later timepoints (Figure 3.2).  All 
total glyceollin results presented in this study are based on the spore inoculation method 





























i re .1: Comparison of T. reesei spore’s vs mycelium inocul ms on total 




Figure 3.3.2: Growth of AG69X6 soybeans at (a) 0 h uninoculated (b) 96 h control (c) 
96 h T. reesei inoculated and (d) 96 h A. sojae inoculated. 
 
3.3.2. Effect of Fungal Types on Glyceollin Titer on Soybeans of Different Maturity 
Levels 
 
Total glyceollin (mg/g) was calculated by adding glyceollin production as 
glyceollin isomers I, II, and III (mg/g). Percentage of each isomer produced was similar 
for both T. reesei and A. sojae (data not shown). Glyceollin I and II make up about 40-
50% each of total glyceollin, and Glyceollin III about 5% of total for both A. sojae and T. 
reesei. The control shows a similar trend at much lower concentration for each isomer.  
Concentrations of each isomer are similar to other findings, where glyceollin I and II are 
produced at higher levels (Boue et al., 2000; H. J. Kim, H.-J. Suh, C. H. Lee, et al., 
2010). Fungal variety does not significantly alter percentage of glyceollin isomers 
produced, but instead results in higher total glyceollin isomer production  
Total glyceollin production seems to be greatly impacted by the fungal incubation 
duration. For example, glyceollin production was improved as incubation time increased 
from 0 to 120 h. The control shows significantly lower total glyceollin after 48 h, with the 
exception of one outlier variety and fungal inoculum. Highest total glyceollin is at 96-120 
h (Figure 3.3a to 3.3f) for both T. reesei and A. sojae. A. sojae inoculated beans show 





2: Growth of AG69X6 soybeans at (a) 0 h uni oculated (b) 96 h control (c) 96 h T. 
reesei inoculated and (d) 96 h A. sojae inoculated. 
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beans had a more substantial increase of about 0.5 mg/g for most varieties. Even though 
T. reesei resulted in higher glyceollin production for five out of the six varieties, it was 
only significant for select varieties at the 120 h timepoint. A. sojae showed higher 
glyceollin production early on at 24 h, as well as for variety C108N as shown in Figure 




Figure 3.3.3: Total Glyceollin (mg/g) produced by different soybean varieties inoculated 
with T. reesei and A. sojae compared to control at (a) 0 h, (b) 24 h, (c) 48 h, (d) 72 h, (e) 
96 h, and (f) 120 h. (*) is used to show significantly (p < 0.05) higher total glyceollin 










































































































































































Figure 3.3: Total Glyceollin (mg/g) produced by different soybean varieties inoculated 
with T. reesei and A. sojae compared to control at (a) 0 h, (b) 24 h, (c) 48 h, (d) 72 h, 
(e) 96 h, and (f) 120 h. (*) is used to show significantly (p < 0.05) higher total 




A wide maturity range of soybeans varieties were compared using both fungal 
inoculums. From 72-120 h total glyceollin for the six soybean varieties (Figure 3.3) 
follows a similar pattern regardless of fungal inoculum. The 96 h incubation was used to 
compare soybean varieties (Figure 3.3e), because A. sojae began to show decrease in total 
glyceollin at this point. As maturity level increases among the four varieties from 
Asgrow; total glyceollin increases with both A. sojae and T. reesei. Using A. sojae as a 
fungal inoculum, AG69X6, AG54X9 and C108 show significantly higher total glyceollin 
production at 96 h. Using T. reesei as a fungal inoculum, AG69X6 and AG54X9 have 
significantly higher total glyceollin at 96 h (Figure 3.3). The low maturity level bean 
variety, C226N, has low glyceollin production for both fungal inoculums. C108N is the 
only bean variety not to follow the trend, with high glyceollin produced by A. sojae, and 
significantly lower produced by T. reesei.   
3.3.3. Effect of A. sojae on Fungal Susceptible Soybean Varieties  
The six soybean varieties with resistance to fungal pathogens were compared to 
five highly fungal susceptible varieties from the USDA (Table 3.1). At 96 h, four of the 
five fungal susceptible varieties showed similar levels of glyceollin production, with 
Williams 82 being significantly lower (Figure 3.4). There was no significant difference in 
glyceollin levels at 96 h between these four susceptible varieties and highest yielding 
variety AG69X6. Similar results are shown at 120 h. The fungal susceptible varieties 
resulted in similar glyceollin yields as those of highest yielding variety (AG69X6) at both 




Figure 3.3.4: Total glyceollin (mg/g) produced by fungal susceptible soybeans at 0, 96 
and 120 h.  
 
3.3.4. Effect of Fungal type on Isoflavone Analysis  
 
3.3.4.1. Soybeans of Varying Maturity Levels 
Isoflavones quantified included aglycones (daidzein, genistein, and glycitein), 
glucosides (daidzin, genistin, and glycitin), and their malonyl forms. Isoflavones data are 
presented only for 0 and 96 h of incubation (Table 3.2), while rest of the isoflavones data 
are not shown. 96 h was picked because peak decrease or increase occurred at this point, 
similar to highest glyceollin titer. Total isoflavones were slightly higher for conventional 
varieties compared to genetically modified varieties at 0 h (Table 3.2). All varieties had a 
decrease in total isoflavones (mg/g) from 0 to 96 h (Table 3.2). Glucosides were present 
in higher concentrations compared to aglycone forms. The malonyl forms of daidzin and 
genistin were present at highest concentration for both fungal inoculum; however, 
























Figure 3.4: Total glyceollin (mg/g) produced by fungal susceptible soybeans at 0, 96 
and 120 h.  
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glycitin and glycitein are present at much lower levels at 0 and 120 h compared to the 
other two isoflavones, similar to other studies (John et al., 2013; I. S. Park et al., 2017), 




  Total Isoflavones Daidzin Genistin           Daidzein Genistein 




0 96 0 96 0 96 0 96 0 96 
 
AG34X9 Control 2.639±0.551 3.106±0.263 0.397±0.091 0.330±0.050 0.398±0.084 0.288±0.031 0.024±0.007 0.070±0.032 0.021±0.004 0.060±0.026 
T. reesei 2.930±0.167 1.560±0.554 0.518±0.056 0.096±0.095 0.454±0.036 0.090±0.068 0.074±0.020 0.283±0.169 0.046±0.012 0.279±0.211 
A. sojae 2.758±0.348 2.312±0.313 0.329±0.045 0.200±0.035 0.355±0.044 0.169±0.026 0.018±0.002 0.041±0.009 0.012±0.002 0.014±0.002 
            
AG45X6 Control 2.656±0.168 2.946±0.355 0.325±0.021 0.256±0.050 0.350±0.024 0.267±0.026 0.014±0.001 0.018±0.003 0.019±0.001 0.005±0.001 
T. reesei 2.977±0.313 2.878±0.258 0.341±0.037 0.204±0.030 0.386±0.047 0.228±0.026 0.049±0.013 0.089±0.036 0.026±0.013 0.044±0.049 
A. sojae 3.383±0.318 3.056±0.498 0.297±0.045 0.242±0.056 0.373±0.060 0.271±0.031 0.024±0.005 0.067±0.016 0.016±0.002 0.020±0.005 
            
AG54X9 Control 2.590±0.211 2.105±0.074 0.352±0.025 0.190±0.015 0.240±0.013 0.194±0.007 0.054±0.015 0.105±0.020 0.056±0.020 0.067±0.031 
T. reesei 2.614±0.099 1.636±0.288 0.359±0.026 0.063±0.019 0.360±0.027 0.065±0.020 0.111±0.019 0.345±0.046 0.093±0.022 0.302±0.021 
A. sojae 2.67±0.244 2.320±0.116 0.274±0.024 0.191±0.009 0.309±0.024 0.201±0.014 0.031±0.007 0.059±0.010 0.025±0.008 0.024±0.001 
            
AG69X6 Control 3.891±0.628 2.888±0.533 0.431±0.073 0.186±0.029 0.607±0.108 0.250±0.027 0.141±0.017 0.133±0.075 0.183±0.017 0.162±0.090 
T. reesei 3.102±0.653 2.515±0.368 0.300±0.084 0.144±0.030 0.408±0.070 0.187±0.034 0.102±0.019 0.197±0.099 0.097±0.016 0.183±0.103 
A. sojae 3.461±0.462 2.653±0.208 0.323±0.058 0.155±0.014 0.433±0.069 0.179±0.018 0.053±0.018 0.065±0.009 0.054±0.019 0.021±0.004 
            
C108N Control 4.509±0.126 3.248±0.218 0.671±0.018 0.212±0.026 0.572±0.025 0.052±0.060 0.235±0.021 0.791±0.093 0.216±0.031 0.628±0.104 
T. reesei 4.025±0.533 2.709±0.150 0.609±0.1 0.040±0.013 0.437±0.067 0.047±0.015 0.300±0.025 1.169±0.048 0.214±0.018 0.842±0.074 
A. sojae 4.406±0.715 3.352±0.199 0.428±0.010 0.281±0.009 0.365±0.008 0.215±0.004 0.048±0.007 0.076±0.048 0.012±0.002 0.014±0.002 
            
C226N Control 5.257±0.245 4.524±0.138 0.670±0.033 0.427±0.015 0.829±0.031 0.495±0.037 0.065±0.006 0.046±0.031 0.062±0.005 0.030±0.039 
T. reesei 4.713±0.351 3.882±0.334 0.541±0.060 0.334±0.051 0.586±0.038 0.353±0.036 0.300±0.025 0.102±0.018 0.046±0.011 0.045±0.057 
A. sojae 5.119±0.754 4.289±0.649 0.394±0.063 0.422±0.047 0.425±0.066 0.416±0.089 0.034±0.007 0.082±0.020 0.014±0.004 0.019±0.006 
            
Table 3.2: Total Isoflavones, daidzin, genistin, daidzein, and genistein for each of the soybean varieties of varying maturity inoculated 





The glucosides daidzin and genistin decrease over time, while the aglycones 
daidzein and genistein increase over time for all varieties for both fungal inoculums 
(Figure 3.5a and Figure 3.5b). The control shows a similar decrease in glucosides; 
however, most varieties show higher concentrations in both daidzin and genistin at 96 h 
compared to the fungal inoculated soybeans. Change in aglycone concentration is similar 
between the control and fungal inoculated varieties (Figure 3.5c). The decrease in daidzin 
and genistin is greater for T. reesei inoculated varieties (Figure 3.5a) as compared to A. 
sojae (Figure 3.5b), as is the increase in both daidzein and genistein. There is one outlier 
in both T. reesei and A. sojae inoculated beans in both glucoside and aglycone 
production. The variety C108N when inoculated and uninoculated with T. reesei 
produced much more daidzein and genistein, while utilizing almost all daidzin and 
genistin (Figure 3.5a and 3.5c). Glyceollin levels for this variety were significantly lower 
compared to others. This trend is not apparent when C108N was inoculated with A. sojae 





Figure 3.3.5: (a) T. reesei isoflavones, (b) A. sojae isoflavones, (c) control isoflavones, 
and (d) isoflavones from susceptible varieties inoculated with A. sojae. 0 h data is shown 











































































































































Figure 3.5: (a) T. reesei isoflavones, (b) A. sojae isoflavones, (c) control isoflavones, 
and (d) isoflavones from susceptible varieties inoculated with A. sojae. 0 h data is 
shown to the left and 96 h data to the right of each plot. 
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3.3.4.2. Soybeans Susceptible to Fungal Disease 
USDA susceptible soybeans had much lower levels of total isoflavones compared 
to soybeans of varying maturity (Table 3.3) but did show a similar decreasing trend from 
0 to 96 to 120 h (Table 3.3). Trends in decreasing glucosides and increasing aglycones 
between 0 to 96 h for susceptible soybeans (Table 3.3) are similar to those of varying 
maturity (Table 3.2). However, glucoside levels are much lower in comparison to 
soybeans of varying maturity, while aglycone levels are comparable. (Figure 3.5).  
Overall, the decrease in daidzin and genistin over time was not as significant as 
genetically modified and conventional varieties, except for BS-Carnauba (Figure 3.5d). 
Even though susceptible soybeans had much lower levels total isoflavones and 
glucosides, several varieties (Figure 3.4) were able produce glyceollin at a slightly lower 










Table 3.3.1: Total Isoflavones, Daidzin, Genistin, Daidzein, and Genistein (mg/g) 
produced by fungal susceptible soybeans at 0, 96, and 120 h.  
 





0 96 120 
Yota Total Isoflavone 1.37±0.080 1.266±0.040 0.950.±0.211 
Daidzin 0.134±0.008 0.094±0.015 0.067±0.017 
Genistin 0.167±0.010 0.107±0.017 0.084±0.016 
Daidzein 0.025±0.003 0.026±0.004 0.030±0.005 
Genistein 0.017±0.003 0.016±0.010 0.026±0.006 
     
Williams 82 Total Isoflavone 2.381±0.229 2.483±0.222 2.004.±0.109 
Daidzin 0.251±0.028 0.222±0.042 0.180±0.013 
Genistin 0.286±0.022 0.247±0.056 0.200±0.020 
Daidzein 0.039±0.012 0.026±0.005 0.017±0.002 
Genistein 0.043±0.012 0.018±0.003 0.008±0.003 
     
Hernon 237V Total Isoflavone 0.674±0.062 0.796±0.166 0.662.±0.190 
Daidzin 0.056±0.011 0.059±0.011 0.042±0.013 
Genistin 0.102±0.003 0.077±0.017 0.053±0.018 
Daidzein 0.011±0.0 0.019±0.009 0.044±0.013 
Genistein 0.011±0.0 0.019±0.014 0.045±0.033 
     
CNS-4 Total Isoflavone 0.864±0.318 0.990±0.246 1.162.±0.299 
Daidzin 0.053±0.024 0.067±0.017 0.093±0.005 
Genistin 0.082±0.017 0.056±0.008 0.076±0.014 
Daidzein 0.010±0.001 0.025±0.006 0.031±0.010 
Genistein 0.014±0.002 0.018±0.004 0.021±0.003 
     
BS-C Total Isoflavone 1.398±0.091 1.043±0.128 0.929.±0.191 
Daidzin 0.168±0.013 0.103±0.013 0.087±0.010 
Genistin 0.147±0.008 0.075±0.017 0.084±0.016 
Daidzein 0.010±0.001 0.010±0.0 0.011±0.002 






Table 3.3: Total Isoflavones, daidzin, genistin, daidzein, and genistein (mg/g) 




3.4.1. Effect of Fungal Types on Glyceollin Titer on Soybeans of Different Maturity 
Levels 
Fungal spore inoculum applied to the surface of beans resulted in significantly 
higher total glyceollin production compared to control after 24 h. T. reesei shows higher 
average total glyceollin production compared to A. sojae for most soybean varieties used. 
However, the average was only significant at few select timepoints, mainly at 120 h. A. 
sojae spores have been shown to result in highest glyceollin production compared to 
other Aspergillus or fungal species. However, these studies are carried out for only 3 days 
(Boue et al., 2000; I. S. Park et al., 2017). At 72 and 96 h our results show that A. sojae is 
comparable, and with one variety does result in higher glyceollin production. At 120 h 
glyceollin titers seem to decline for A. sojae, which is not the case with T. reesei. 
Glyceollin has been shown to decrease as the tissue age becomes older when 
Phytophthora sojae is used as the fungal inoculum (Lazarovits et al., 1981). Additionally, 
high glyceollin production has been linked to areas below the immediate infection point 
(Park et al., 2002). It is apparent that T. reesei has much larger contact area with the 
soybeans as compared to A. sojae (Figure 3.2).  We hypothesize that (1) A. sojae 
produces a defense early on at smaller of infection sites which then declines as tissues 
age, while (2) T. reesei spore stimulate a longer defense response because of larger 
contact areas with the bean. 
3.4.2. Effect of Soybean Variety on Total Glyceollin Production 
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Soybean variety has been shown to widely impact glyceollin production 
throughout literature (H. J. Kim, H.-J. Suh, J. H. Kim, S. C. Kang, et al., 2010; Mee 
Ryung Lee et al., 2010; Park et al., 2002). Park et al (2017) studied 60 Korean soybean 
varieties, and found total glyceollin to vary from 0.5-9.0 mg/g (I. S. Park et al., 2017). 
For our study, beans were intentionally sourced with wide maturity range, to further 
compare effect of A. sojae and T. reesei. Results show a similar high variation, from 0.5-
2.5 mg/g. Similar to findings by Park et al., (2017) where one fungal strain, A. sojae, 
generally resulted in higher glyceollin production as compared to Rhizopus oligosporous; 
in our study one fungal strain, T. reesei, generally results in higher glyceollin compared 
to A. sojae. However, our results show the greatest variation in total glyceollin is still the 
result of soybean variety. Maturity level of soybeans has been studied in relation to 
isoflavone production of soybeans (C. Y. Wang et al., 2000; Zhang et al., 2014), but not 
for glyceollin production. Significant differences were shown in isoflavones such as 
daidzein and genistein between maturity groups (C. Y. Wang et al., 2000; Zhang et al., 
2014) , just as significant difference was shown in our study between total glyceollin of 
beans of increasing maturity (Figure 3.3). Further study with wider sample size would be 
needed to confirm this observation. 
Fungal susceptible soybeans were acquired to compare to the disease resistant 
beans of varying maturity level using A. sojae as a fungal inoculum. Our results suggest 
that susceptibility to fungal disease does not result in higher glyceollin titers compared to 
genetically modified beans of varying maturity. Throughout literature, comparison 
between Williams soybeans susceptible and resistant to Phytophthora sojae have shown 
higher total glyceollin produced by the resistant line (Graham et al., 1990; Md Asraful 
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Jahan et al., 2020; Park et al., 2002; M Yoshikawa et al., 1978). Susceptible Williams 
soybeans show large water soaked lesions in the hypocotyl with little glyceollin 
accumulation, and resistant Williams soybeans showed smaller neurotic red-brown areas 
when inoculated with P. sojae (Graham et al., 1990). Our susceptible soybeans did not 
show larger water-soaked lesions. However, our genetically modified/conventional 
soybeans of varying maturity inoculated with A. sojae (Figure 3.2D) showed very similar 
lesions to resistant Williams soybeans inoculated with P. sojae. Fungal susceptible 
soybeans in this study did result in higher glyceollin production compared to susceptible 
cultivars such as Williams (Graham et al., 1990), but did not show higher glyceollin than 
varieties of varying maturity in our study. 
3.4.3. Isoflavone Analysis 
Total isoflavones generally show a general decrease over 96 h for both soybeans 
of varying maturity level and those susceptible to fungal disease (Table 3.2 and Table 
3.3). Total isoflavone levels were broken down for analysis to the glucosides daidzin and 
genistin and aglycone precursor daidzein, as well as genistein. Genistein is synthesized 
from the isoflavone naringenin on a separate branch of the phenylpropanoid pathway than 
daidzein, glycitein, and glyceollin. (R. Liu et al., 2007). However, genistein and genistin 
are also synthesized as a result of the same three enzymes as daidzein and daidzin, while 
a fourth enzyme is required for the synthesis of glycitein (Vadivel et al., 2019). 
Additionally, genistein it is commonly shown to be present a similar high level to 
daidzein when compared to glycitein (John et al., 2013; Nakamura et al., 2000), similar to 
our own results (Figure 3.4). Therefore, both genistein and genistin were included in 
analysis.  
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We analyzed the four isoflavones at 96 h, when generally the greatest increase or 
decrease in concentration was shown from 0 h, to determine if any of the four correlated 
with glyceollin production. Current research finds no correlation between the precursor 
isoflavone daidzein, or other isoflavones, and glyceollin (K. Farrell et al., 2017; I. S. Park 
et al., 2017). Our results show the glucosides daidzin and genistin appear to be utilized, 
while the aglycones daidzein and genistein accumulate at slightly higher levels over 96 h. 
These results are similar to those found in other studies when a fungal inoculum is used 
as an elicitor (Graham et al., 1990; John et al., 2013; Kalli et al., 2020). The outlier to this 
trend, variety C108N inoculated with T. reesei, shows a very large increase in daidzein 
and genistein (Figure 3.5a), especially when compared to other varieties. Over the course 
of time daidzein and genistein increased at 96 h, this variety saw little increase in total 
glyceollin. This observation was similar to results shown by Park et al (2002) and 
Graham et al (1989) when cotyledons from a susceptible Williams soybean variety 
inoculated with P. sojae resulted in large water-soaked lesions, with very high daidzein 
and genistein production, but little glyceollin production (Graham et al., 1990; Park et al., 
2002). Graham et al hypothesized that the soybeans cotyledons were so disrupted by 
infection with P. sojae, enzymes were incapable of continuing with glyceollin production 
via the phenylpropanoid pathway (Graham et al., 1990). It is possible a similar 
phenomenon is occurring with the C108N variety inoculated with T. reesei, which would 
explain the very small amount of total glyceollin accumulated over 120 h. When C108N 
was inoculated with A. sojae isoflavones accumulated at more normal levels (Figure 
3.5b), which could suggest the accumulation of aglycones was fungal inoculum specific. 
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For all other soybeans of varying maturity, T. reesei shows a greater decrease in 
daidzin and genistin over 96 h when compared to A. sojae. Decrease in these glucosides 
strongly correlates with some varieties, AG54X9 and AG69X6; the higher maturity level 
soybeans as well highest glyceollin producer for T. reesei at 96 h.  However, this high 
correlation is also apparent for the same two varieties when A. sojae is used as the fungal 
inoculum. Once again, this points to glyceollin accumulation being greater affected by 
soybean variety as opposed to fungal inoculum type. All other soybean maturity varieties, 
as well as all susceptible varieties, show only low to moderate correlation between the 
glucosides and total glyceollin. Interestingly, increased levels of precursor molecule 
daidzein does not result in increased levels of total glyceollin. While our results show 
trends in glucoside and aglycone levels are apparent from 0 to 96 h, they do not 
necessarily correlate to higher glyceollin levels. It cannot be concluded that utilization of 
daidzin and genistin, or production of daidzein and genistein via the phenylpropanoid 
pathway is correlated to elicitation of glyceollin. 
3.5. CONCLUSION 
Our study demonstrates the enhanced ability of Trichoderma reesei to elicit 
glyceollin expression as compared to Aspergillus sojae. This is the first time to our 
knowledge the fungal spore elicitors have been directly compared. T. reesei results in 
significantly higher total glyceollin production at 120 h as compared to A. sojae. When 
comparing soybean varieties of varying maturity, we also show a trend of increasing 
glyceollin titer for increasing maturity; however, more soybean samples of varying 
maturity level should be included to confirm this observation.  Fungal susceptible 
soybeans do not show enhanced ability to elicit glyceollin expression as compared to 
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samples of varying maturity. Our results do show definite trends in isoflavones from 0 to 
96 h for all soybean varieties. The glucosides, daidzin and genistin, show decreasing 
trend as glyceollin is elicited over 96 h. The precursor molecule daidzein, shows only a 
slight increase similar to aglycone genistein over the same time period. The only soybean 
sample to show great increase in precursor molecule daidzein, also displayed very low 
glyceollin titer, suggesting that enzymes in the phenylpropanoid pathway were unable to 
convert high amount of daidzein into glyceollin. These results show promising glyceollin 
titer for one soybean variety, AG69X6 when both T. reesei and A. sojae are used as 
fungal elicitor. Further study is needed with this variety to determine if glyceollin titer 
can be further increased. High production of glyceollin is necessary for further research 
of glyceollin as an antimicrobial incorporated into livestock feed, as well as study for 
human health benefit. 
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4. CHAPTER IV. UV LIGHT COTREATMENT OF A. SOJAE INOCULATED 
SOYBEANS TO ELICIT GLYCEOLLIN EXPRESSION  
Abstract 
Glyceollin is a phytochemical produced by Glycine max that has both 
antimicrobial and human health benefit. The production of glyceollin is often low in 
concentration with high variation even with one fungal inoculum used as an elicitor. In 
order to enhance glyceollin production, a co-treatment of UV light and inoculation with 
A. sojae fungal spores was applied to soybeans. UV light treatment alone showed 
significantly lower total glyceollin as compared to fungal spore inoculum. When UV 
light treatment was applied for 5, 10, or 15 minutes along with A. sojae fungal spores 
higher average glyceollin titers were apparent compared to the fungal only treatment. 
Additionally, the UV light and A. spore fungal treatment did not show a significant effect 
to total isoflavones when compared to fungal only treatment. UV light and fungal spore 
elicitor treatment shows higher glyceollin titer compared to conventional fungal elicitor 
treatment. This method has potential to be utilized at industrial scale to drive research 




Glyceollin is a secondary metabolite produced by Glycine max during times of 
pathogenic, chemical, or other biotic stress to the plant (K. Farrell et al., 2017; M. A. 
Jahan & N. Kovinich, 2019; Mohr & Cahill, 2001). The metabolite has known 
antimicrobial activity against Phytophthora sojae (Ayers et al., 1976; Ward et al., 1979), 
the fungal pathogen responsible for root and stem rot in soybeans, as well other bacterial 
or fungal species (H. J. Kim, H.-J. Suh, C. H. Lee, et al., 2010; Anatoly V Lygin et al., 
2010). Not only does the metabolite have antimicrobial activity, it is a phytochemical that 
has known human health benefits. As a therapeutic agent, glyceollin resulted in inhibition 
of the estrogen receptor in proliferating cancer cells (Lecomte et al., 2017). Glyceollin 
has known to anti-inflammatory and antioxidant activity, as well as cholesterol lowering 
ability (Huang et al., 2013; H. J. Kim, H.-J. Suh, J. H. Kim, S. Park, et al., 2010; W. Lee 
et al., 2014). In order to utilize glyceollin as an antimicrobial, a therapeutic, or a health 
promoting food product, a method to elicit glyceollin expression at consistent and high 
level is necessary.  
Current research shows that glyceollin elicitation often occurs at wide ranging 
concentration; dependent on stress elicitor (Atho'illah et al., 2019; Kalli et al., 2020; I. S. 
Park et al., 2017) and soybean variety (Feng et al., 2007; I. S. Park et al., 2017). Previous 
research in our lab has shown that Aspergillus sojae and Trichoderma reesei spore 
inoculum are effective glyceollin elicitors, similar to other findings in literature (Boue et 
al., 2000; Isaac et al., 2017; I. S. Park et al., 2017). However, results in our lab show that 
average glyceollin titers reach only an average of 2-2.5 mg/g at 96 and 120 h for both 
fungal spore inoculum. We believe that titers can reach higher, more consistent levels, 
86 
with the addition of a co-treatment along with these two successful inoculums. Kalli et al 
(2020) shows that the use of reactive oxidative species (ROS) as primer before 
inoculating with spores from Rhizopus oligosporous and Rhizopus oryzae. The use of a 
priming treatment resulted in enhanced production of glyceollin as compared to stand 
alone use of ROS and Rhizopus spore culture (Kalli et al., 2020).  
Our study aims to utilize two known elicitor treatments, UV light and fungal 
spore inoculum, together to enhance expression of glyceollin in soybean seeds. UV light 
has been utilized as a successful elicitor of enzymes in the phenylpropanoid pathway 
responsible for glyceollin production (Y. J. Lim et al., 2020). Additionally, UV exposure 
time of 15 min has led to expression of glyceollin (I. S. Park et al., 2017), and 30 min has 
led to increased expression of isoflavones; phytochemicals produced before glyceollin in 
the phenylpropanoid pathway (S. Phommalth et al., 2008). Five elicitor treatments will be 
used on our highest yielding soybean variety, AG69X6, to determine the effects of a co-
treatment of UV light and fungal elicitors A. sojae and T. reesei. The elicitor treatments 
include a control, fungal only spore inoculum, UV light only treatment, UV light 
treatment followed immediately by fungal spore inoculation, and a UV light treatment 
followed by a germination period of two days, with fungal spore inoculation on day 2. 
Elicitor treatments will be evaluated at 0 and 96 h post treatment. The fungal spore 
inoculums compared will be A. sojae and T. reesei, based off previous success in our lab. 
Following determination of optimum fungal inoculum with UV light co-treatment, the 
UV light exposure time will be evaluated at 5, 10, and 15 minutes. The resulting insight 
into elicitation will be valuable to produce the metabolite at high titers needed to further 
research on the therapeutic and antimicrobial benefits of glyceollin. 
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4.2. MATERIALS AND METHODS 
4.2.1. Soybeans  
Soybean variety AG69X6 was acquired from Asgrow of Bayer Crop Science, 
Creve Coeur, MO. Seeds were Round Up Ready 2 Xtend and were untreated for 
fungicide.  
4.2.2. Fungal Culture 
Aspergillus sojae (NRRL 6271) was obtained from the ARS Culture Collection 
(NRRL) Peoria, IL. Culture was maintained on Potato Dextrose Agar (PDA) plate (Difco 
Fisher Scientific, Hampton, NH) at 4℃.  
4.2.3. Soybean Seed Preparation 
Soybean seeds were surface sterilized for 10 minutes in 10% Micro 90 solution 
and transferred to a jar of 150 mL sterile water to soak overnight. Seeds were dehulled by 
applying gentle pressure to the ends of the soybeans to avoid cracking. After dehulling, 
seeds were placed in sterile petri dish. Petri dish with two pieces of sterile filter paper 
placed at the bottom, with 1 mL of sterile water added for moisture was used as growth 
chamber. Ten soybeans were placed in the growth chamber and treated with UV light and 
subsequent fungal inoculation (discussed below). The UV light treated and/or fungal 
inoculated soybeans were then covered with two pieces of filter papers and 1 mL of water 
was applied on the filter paper to maintain moisture. Petri dishes were sealed and placed 
in an incubator at 30℃. Each treatment was completed with three biological replicates. 
Plates were pulled at 0 and 96 h.  
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4.2.4. UV Light Treatment 
Growth chambers with 10 soybeans were placed under UV lamp. UV bulb was 
PHILIPS (Amsterdam, Netherlands) UV 15 W G15 T8 bulb which applied UV-C light at 
254 nm wavelength. UV light was applied to dehulled soybeans for 5, 10, or 15 minutes 
depending on treatment, as well as hulled beans for 15 minutes. Four different 
combination of UV light and fungal inoculation were experimented (Table 4.1).  
Table 4.2.1: Treatment combinations with corresponding denotations. 
Denotations Elicitor Treatment Types 




Control (C) - - - 
UV + - - 
F - - + 
UV+F + - + 
UV+G+F + + + 
 
4.2.5. Fungal Inoculation 
Soybeans with or without UV pretreatment were inoculated with A. sojae fungal 
spores. A. sojae was first grown in the PDA plates for 7 days at 30°C. After 7 days of 
incubation A. sojae spores were harvested by adding 15 mL of sterile water to the PDA 
plate and gently mixing. The water and spore solution were vortexed for 1 minute. A 10 
"L drop of A. sojae was applied to each soybean with or without UV light pretreatment. 
Additionally, UV light treated soybeans post two days of germination were also 
inoculated with the fungal spores in the similar manner as described here. 
1: Treatment combinations with corresponding denota ions.  
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4.2.6. Determining the Effect of A. sojae Spore Counts on Total Glyceollin 
Series of experiments were conducted by applying various amount of SFU/mL 
(spore forming units/mL) on soybeans to determine the effect of initial spore counts on 
total glyceollin content. Spores were collected from 7 days old PDA plate of A. sojae 
were counted by hemocytometer and plated on PDA to determine SFU/mL. Stock 
solution of spores were compared to 1:2 diluted solution of spores to determine impact on 
total glyceollin (mg/g).  
4.2.7. Sample Processing for Analysis 
At the end of the incubation period, all soybean samples (with and without UV 
light treatment and fungal inoculation) were collected, freeze dried, and ground to a fine 
powder using a Krups coffee grinder (Solingen, Germany). Samples were stored in a 
Ziplock bag in refrigerator until analysis. 
4.2.8. Isoflavonoid and Glyceollin Analysis 
Soybean flavonoids were extracted and analyzed following the (Berhow et al., 
2002) and (Berhow et al., 2006) method. Each sample was analyzed in three technical 
replicates. 
4.2.9. Statistical Analysis 
The four treatments as listed in Table 1 were performed in biological replicates. 
The total glyceollin and isoflavone production is reported as mean ± standard deviation 
(mg/g) calculated by Microsoft Excel 2019. A one-way ANOVA (p < 0.05) was used to 
test for statistical significance (R package 3.5.2).  
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4.3. RESULTS 
4.3.1. A. sojae Fungal Spore count Impact to Total Glyceollin  
Fungal spore inoculum of stock and 1:2 dilution was applied to soybean seeds. 
Spores from both the stock and diluted inoculum were counted by hemocytometer as well 
as SFU/mL (Table 4.2). Total glyceollin (mg/g) between the stock and diluted inoculum 
did not show a significant difference at 96 h timepoint but did at earlier timepoints 24 and 
72 h (Figure 4.1). Similarly, expression of total isoflavones, daidzin, genistin, daidzein 
(mg/g) show no significant difference at the same 96 h timepoint (data not shown). The 
stock spore inoculum had a slightly higher average total glyceollin at 96 h, so this 
inoculum method was used for all trials in this study. 
Table 4.3.1: Hemocytometer and SFU/mL counts from A. sojae fungal inoculum at stock 
and 1:2 dilution for fungal inoculum trial. Hemocytometer and SFU/mL counts are also 
shown for each UV light trial. 
Trial Hemocytometer Spore 
Count 
SFU/mL 
   
Fungal inoculum (A. 
sojae) Stock 
95±22 4.50E+07±1.00E+07 
Fungal inoculum (A. 
sojae) 1:2 Dilution 
42±8 1.57E+07±5.77E+05 
   
UV Light Hulled 15 min 85±18 3.97E+06±2.51E06 
UV Light Dehulled 15 
min 
82±14 6.33E+06±1.19E+06 
UV Light Dehulled 10 
min 
73±19 7.30E+07±3.04E+07 
UV Light Dehulled 5 min 82±10 3.60E+06±1.31E±06 
   
 
Table 4.2: Hemocytometer and SFU/mL counts from A. sojae fungal inoculum at stock 
and 1:2 dilution for fungal inoculu  trial. He ocyto eter and SFU/ L counts are also 




Figure 4.3.1: Total glyceollin from 0 to 120 h using A. sojae spore fungal inoculum at 
stock and 1:2 diluted concentration. Significant difference at timepoints is denoted by * 
(p< 0.05). 
 
4.3.2. UV Light as a Co-Treatment with Fungal Inoculation for Total Glyceollin 
Production  
Four elicitor treatments were applied to soybeans for production of total 
glyceollin (mg/g) at 96 h timepoint. This timepoint was chosen based off highest average 
total glyceollin production for this variety and the A. sojae fungal spore inoculum from 
previous study. Four trials are compared in Figure 4.2, with the same four glyceollin 
elicitor treatments used in each. UV only “UV” and A. sojae fungus only “F” was 
compared to UV light + fungal treated beans “UV + F” and UV light followed by a 
germination period of two days and then fungal treated beans “UV + G + F” treatments 
were compared to control “C”. The UV + G + F treatment resulted in glyceollin 
production statistically similar to the control (data not shown). This treatment was 
























ig re 4.1: Total glyceollin from 0 to 120 h using A. sojae spore fungal inoculum at 
stock and 1:2 diluted concentration. ignificant difference at ti epoints is denoted by 
* (p< 0.05). 
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compared in four trials, where exposure time of UV light was compared between 
dehulled and hulled beans. Hulled beans result in significantly lower total glyceollin 
(mg/g) for beans treated with the “F” and “UV + F” for the 15-minute UV light trial 
(Figure 4.2). Additionally, there was no difference in total glyceollin for the three elicitor 
treatments as compared to the control. As a result, data for 5- and 10-minute UV light is 
not shown for hulled beans.  
 
Figure 4.3.2: Total glyceollin (mg/g) produced by the four elicitors: control “C”, A. sojae 
fungal inoculum “F”, UV light “UV”, and UV light followed by A. sojae fungal inoculum 
“UV+F”. Treatments of 15, 10, and 5 min of UV light with dehulled beans “D” were 
compared to 15 min of UV light using hulled beans “H”. Significant difference between 
the four trials, as well as significant difference between the four treatments of each trial is 
denoted by * (p<0.05).  
 
Dehulled beans showed significantly higher total glyceollin (mg/g) for trials 
where 5, 10, and 15 min of UV light were used when compared to hulled beans. Between 
the three trials where different exposure times of UV light where compared with dehulled 
beans, 15 minutes of UV light treatment only “UV” did result in significantly higher total 
Figure 4.2: Total glyceollin (mg/g) produced by the four elicitors: control “C”, A. sojae 
f l i l  ,  li t ,   li t f ll   . j  f l i l  
 + F”. Treatments of 15, 10, and 5 min of UV light with dehulled beans “D” were 
compared to 15 min of UV light using hulled beans “H”. Significant difference between the 
four trials, as well as significant difference between the four treatments of each trial is 
denoted by * (p<0.05).  
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glyceollin as compared to 10- and 5-minutes UV light (Figure 4.2). When the “UV + F” 
elicitor treatment total glyceollin is compared between the three UV light exposure times, 
both the 15 and 10 UV + F treatments result in higher total glyceollin as compared to the 
5-minute UV + F elicitor treatment (Figure 4.2).  
Comparing the four elicitor treatments within each trial shows a similar pattern 
(Figure 4.1). The UV light only treatment “UV” produces much lower total glyceollin as 
compared to the fungus only “F” elicitor treatment in each of the three dehulled bean 
trials. The UV plus fungal inoculum treatment “UV + F” does produce higher average 
total glyceollin in the three dehulled bean trials, but this is only significant for the 10 
minute UV trial (Figure 4.2).  
4.3.3. UV Light as a Co-Treatment with Fungal Inoculation for Isoflavone 
Production  
Isoflavone production was compared for the four elicitor treatments. Total 
isoflavones levels at 0 and 96 h are shown in Table 3. Over 96 h, each elicitor treatment 
resulted in decreased levels of total isoflavones. Total isoflavone levels in the hulled trial 
at 15 min UV light exposure, show a smaller decrease in total isoflavones for the “F” and 
“UV+F” treatments compared to the dehulled trials at 15, 10, and 5 UV light exposure 
times. The greatest loss in total isoflavone levels is shown for the “UV + F” treatments in 
the dehulled trials at 15- and 10-min UV exposure time (Table 4.3).  
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Table 4.3.2: Total Isoflavones, daidzin, genistin, daidzein, and genistein (mg/g) produced by four treatments at the three UV light 
exposure times. Isoflavones are shown at 0 and 96 h. 
  Isoflavones 
  Total Isoflavones Daidzin Genistin Daidzein Genistein 
   
   Incubation (h) 
Trial Treatment 0 96 0 96 0 96 0 96 0 96 
            




C 4.471±0.717 4.358±1.064 0.477±0.084 0.274±0.059 0.583±0.092 0.323±0.060 0.144±0.036 0.310±0.084 0.145±0.036 0.336±0.119 
UV 4.795±1.173 3.787±0.627 0.536±0.147 0.191±0.033 0.642±0.157 0.281±0.084 0.169±0.029 0.245±0.107 0.177±0.049 0.248±0.118 
F 4.450±1.002 4.017±1.186 0.466±0.104 0.274±0.094 0.580±0.128 0.323±0.106 0.143±0.030 0.310±0.055 0.148±0.035 0.336±0.091 
UV + F 4.303±1.297 3.912±1.297 0.417±0.110 0.222±0.070 0.510±0.132 0.329±0.136 0.130±0.038 0.246±0.070 0.136±0.041 0.248±0.081 




C 4.777±1.581 4.192±1.104 0.504±0.203 0.271±0.098 0.573±0.180 0.260±0.040 0.122±0.033 0.116±0.055 0.099±0.014 0.110±0.073 
UV 4.386±0.406 4.113±0.691 0.459±0.055 0.284±0.046 0.539±0.050 0.296±0.034 0.144±0.029 0.071±0.022 0.104±0.023 0.045±0.025 
F 4.090±0.975 3.336±1.068 0.318±0.061 0.197±0.076 0.351±0.109 0.201±0.050 0.116±0.099 0.058±0.011 0.113±0.098 0.045±0.013 
UV + F 4.086±0.671 3.098±0.289 0.406±0.067 0.190±0.008 0.484±0.056 0.215±0.012 0.093±0.020 0.074±0.015 0.091±0.013 0.067±0.015 




C 3.671±0.500 3.211±0.843 0.346±0.050 0.202±0.070 0.409±0.052 0.214±0.056 0.182±0.021 0.157±0.054 0.129±0.08 0.110±0.076 
UV 3.187±0.225 3.242±0.480 0.317±0.059 0.245±0.047 0.429±0.098 0.291±0.040 0.149±0.024 0.146±0.096 0.118±0.030 0.134±0.071 
F 3.275±0.407 2.337±0.397 0.321±0.038 0.169±0.022 0.408±0.063 0.195±0.034 0.166±0.037 0.118±0.014 0.127±0.036 0.075±0.006 
UV + F 3.681±0.430 2.017±0.137 0.383±0.095 0.181±0.008 0.450±0.111 0.219±0.021 0.140±0.084 0.095±0.025 0.114±0.060 0.088±0.034 




C 3.621±0.260 2.863±0.731 0.383±0.030 0.204±0.061 0.465±0.042 0.195±0.057 0.200±0.041 0.184±0.138 0.127±0.045 0.123±0.086 
UV 3.421±0.222 2.982±0.546 0.321±0.049 0.192±0.043 0.388±0.086 0.200±0.037 0.167±0.066 0.072±0.033 0.139±0.052 0.052±0.030 
F 3.323±0.351 2.386±0.451 0.379±0.053 0.180±0.055 0.484±0.048 0.216±0.040 0.188±0.022 0.107±0.067 0.124±0.008 0.077±0.036 
UV + F 2.791±0.209 2.226±0.326 0.237±0.039 0.155±0.041 0.316±0.100 0.198±0.039 0.099±0.041 0.074±0.038 0.077±0.049 0.061±0.021 
            
Table 4.3: Total isoflavones, daidzin, genistin, daidzein, and genistein (mg/g) produced by four treatments at the three UV light 
r  ti . I fl  r   t    .  
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The glucosides; daidzin and genistin, as well as the aglycones; daidzein and 
genistein, are compared in Table 4.3 and Figure 4.3. These isoflavones were present at 
lower levels than the malonyl forms, but they showed greater change over 96 h for the 
four elicitor treatments (data not shown). Additionally, the data for glycitin and glycitein 
show presence at low levels, as well as little change over the 96 h incubation time (data 
not shown), so they are not compared in Figure 4.3. It is apparent from Figure 4.3 that the 
15 min UV light exposure trial using hulled beans shows a different trend compared to 
trials using dehulled beans. The four treatments show a significant increase in the 
aglycones daidzein and genistein over 96 h as compared to the treated dehulled beans. 
This is an interesting trend, because it is the hulled beans that accumulate the lowest 
amount of glyceollin at 96 h for all four treatments, even though they have higher levels 










Figure 4.3.3: Isoflavone levels of genistein, daidzein, genistin, daidzin for soybeans 
treated with the following elicitors (a) control, (b) A. sojae fungal incoulum, (c) UV light, 
(d) UV light followed by A. sojae fungal inoculum. The treatments of 15, 10, and 5 min 
UV light for dehulled beans “D” were compared to 15 min UV light for hulled “H” 
beans.  
 
Trials with 15, 10, and 5 min UV exposure using dehulled beans show decreasing 





































































































































i  . : Isoflavone levels of genistein, daidzein, genistin, daidzin for soybeans treated 
with the following elic tors (a) control, (b) A. sojae fung l inoculum, (c) UV light, (d) UV 
light followed by A. sojae fungal inoculum. The treatments of 15, 10, and 5 min UV light 
for dehulled beans “D” were compared to 15 min UV light for hulled “H” beans.   
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cause only slight difference in levels of glucosides over 96 h (Figure 4.3). High glyceollin 
producing elicitors, fungal inoculum “F” and UV light + fungal inoculum “UV + F”, 
show slightly lower levels of daidzin and genistin after 96 h compared to other “UV” and 
“C” elicitors for all three UV exposure times. However, no significant difference is 
shown in glucoside levels compared to UV light elicitor (Figure 4.3b and 4.3d). The 
aglycones daidzein and genistein also showed a slight decrease over 96 h for all four 
elicitor treatments (Table 4.3). This result was unexpected for the fungal only treatment 
“F”, because our previous study with A. sojae fungal inoculum shows both daidzein 
increase slightly from 0 to 96 h for this soybean variety. However, our previous study did 
show genistein did decrease over 96 h, which is the same result shown here. The control 
does show slightly higher levels of precursor daidzein (Figure 4.3a) compared to the 
other three elicitor treatments (Figure 4.3b, 4.3c, and 4.3d). Just like with the glucosides, 
there is not significant difference in aglycone levels at 96 h between the other three 
elicitor treatments.  This is an interesting observation, because fungal inoculum “F” and 
“UV + F” fungal inoculum resulted in significantly higher glyceollin levels (Figure 4.2) 
as compared to the “UV” treatments at all three exposure times. 
4.4. DISCUSSION 
Stock vs. 1:2 diluted A. sojae fungal inoculum showed no significant difference in 
total glyceollin production at late incubation 96 and 120 h; timepoints at which our 
research has shown highest glyceollin titers. Instead, fungal spore inoculum concentration 
only had an effect early on for total glyceollin. Higher fungal spore concentration per 
g/ml has resulted in increased fungal growth or disease severity (Raftoyannis & Dick, 
2002; Sippell & Hall, 1982).  This seems to be the case early on for triggering glyceollin 
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production, but interestingly the diluted fungal inoculum seems to catch up at later 
timepoints. It could be the case that the number of fungal spores at 1.57E + 07 was still 
sufficient enough to induce glyceollin production. Several studies have shown spore 
concentration at 107 used for Aspergillus species to induce measurable glyceollin (Boue 
et al., 2000; Chen et al., 2017). Further trials are needed at higher dilution to determine 
the effect spore concentration.  
The UV light followed by germination period of 2 days, and then inoculation with 
fungal inoculum (“UV + G + F”) did not result in significantly higher total glyceollin as 
compared to the control. The two-day germination period was chosen to allow UV light 
to induce glyceollin gene expression (Lers et al., 1998), with the hypothesis that later 
addition of fungal inoculum would further induce glyceollin at higher levels. It is possible 
that the length of total time elicitor was applied resulted in low glyceollin titers. 48 h 
passed after UV light treatment, followed by 96 h after fungal inoculum research to keep 
consistent with other fungal treatments. Previous research in our lab (Wootton, 2019) as 
well as other literature has suggested that about 72-96 h is optimal for glyceollin 
production (Graham et al., 1990; A. V. Lygin et al., 2013). Decrease in glyceollin  levels 
has been shown at 144 h (John et al., 2013), as decrease in glyceollin in older vs later 
tissues (Lazarovits et al., 1981), a result similar to the results for the “UV + G + F 
treatment”.   
The other four elicitor treatments were compared between hulled and dehulled 
soybeans at 15 minutes UV light exposure, and glyceollin levels were significantly lower 
for hulled soybeans.  This result is similar to the inability of Rhizopus sp. to ferment 
hulled melon seeds when compared to dehulled melon seeds, which authors in this study 
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hypothesized was due spores being inhibited by the melon seed membrane (Amadi et al., 
2003). The high cellulose, hemicellulose, and lignin make-up of soybean hulls may also 
be inhibiting fungal spores in similar manner, compared to dehulled soybeans.  
Glyceollin accumulation was significantly higher at 5, 10, and 15 minute UV 
exposure times for the dehulled soybeans (Figure 4.2). Spore counts between the three 
trials were similar when using hemocytometer but showed slightly greater difference 
when counting by SFU/mL (Table 4.2). Results from spore inoculum trial (Figure 4.1) 
show that the variation does not result in significant difference at 96 h, so the 5, 10, and 
15 minute UV exposure trials can be compared even though a different fungal inoculum 
was used each time. Our results suggest that UV exposure time did not significantly 
impact total glyceollin production for either the “UV” or “UV + F” treatments.  These 
results are different from previous findings that showed high amounts (3-9 h) of radiation 
applied to soybean seedling resulted in higher levels of isoflavones (Ma et al., 2019).  
Higher UV exposure times could be trialed to determine if they result in significantly 
higher glyceollin levels. 
Comparison of the four elicitor treatments did show significant difference in each 
of the UV trials. “UV” treatment alone did not result in statistically similar levels to the 
fungal only treatment “F”. This result is similar to Park et al (2017) where UV light 
resulted in much lower glyceollin production compared to A. sojae inoculum (I. S. Park 
et al., 2017). The fungal only treatment “F” resulted in second highest glyceollin 
production compared to the “UV + F” treatment. Results seem to suggest that a treatment 
with two elicitors, UV light and fungal inoculum, result in a response that produces 
higher levels of glyceollin. This the first time to our knowledge that UV light and a 
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fungal inoculum have been used together. These results are most similar to results shown 
by Kalli et al (2020) where elicitation with ROS species and Rhizopus fungal inoculum 
resulted in highest glyceollin production. 
Isoflavone analysis (Figure 4.3) shows the difference in isoflavone levels between 
dehulled and hulled beans at 96 h. The aglycones (daidzein and genistein) in particular 
increase to much higher levels with hulled beans then dehulled, with little to no 
glyceollin accumulation. This result is very similar to results shown by Graham et al 
(1989) where soybeans susceptible to P. sojae,  lacking a Rms gene, and having a 
compatible reaction with the pathogen show very high levels of daidzein but no 
glyceollin accumulation.(Graham et al., 1990). Authors hypothesized that daidzein 
accumulates late in incubation, but by this late incubation point glyceollin is unable to be 
stimulated. is possible that a similar phenomenon is occurring with hulled beans, which 
does not occur when the hull is removed.  
The pattern of decrease in glucosides (daidzin and genistin) over 96 h for dehulled 
beans is similar to our previous research using fungal inoculum, as well as other findings 
(John et al., 2013; Kalli et al., 2020). The decrease in levels of daidzein was contrary to 
our previous study where daidzein increased slightly from 0.53 to 0.65 mg/g when 
soybean variety AG69X6 was inoculated with A. sojae. However, the decrease in 
aglycone isoflavones does not seem to have impacted total glyceollin for the “UV + F” 
treatments. The treatment results in higher average glyceollin compared to our previous 
study when only a fungal inoculum was used. When comparing four elicitor treatments, 
the control had slightly higher levels of aglycones compared to “UV”, “F”, and “UV + F” 
treatments. The other three treatments showed statistically similar trends, even between 
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the UV and fungal only treatments. Total isoflavones show decrease lowest levels at 96 h 
for the “UV + F” treatment, coinciding with highest glyceollin levels. This result disagree 
with others, which have showed that total isoflavones have increased with 20 and 40 
minutes of UV light to soybean sprouts per day (S. Phommalth et al., 2008). However, 
our treatments were only applied once in the 96 h time period. Overall, it would seem that 
the addition of UV light treatment with fungal inoculum “UV + F” did not seem to have a 
significant effect on isoflavones. Instead, trends are very similar between the fungal only 
“F” and “UV + F” treatment.  
4.5. CONCLUSION 
The spore concentration of stock and 1:2 diluted A. sojae fungal inoculum did not 
show significant difference in overall total glyceollin at 96 or 120 h. This would suggest 
slight difference in number of spores was not a significant factor in further study with UV 
light elicitor treatment. When analyzing 5 elicitor treatments, the treatment “UV + G + 
F”, where a two-day germination period was given between UV light and fungal spore 
inoculation, did not show significantly higher total glyceollin as compared to the control. 
Likely, this was a result of the long germination period. The use of hulled soybeans 
resulted in significantly lower total glyceollin production compared to dehulled beans, 
suggesting the importance of dehulling in the glyceollin elicitation process. Additionally, 
UV light exposure times of 15, 10, and 5 minutes did not show significant difference in 
total glyceollin. However, the four elicitor treatments; control “C”, UV only “UV”, A. 
sojae fungal spore inoculum only “F”, and UV light followed by fungal inculcation “UV 
+ F” did show significant difference. The “UV” treatment did not produce high glyceollin 
titers, but the “F” and “UV + F” treatments did at all UV light exposure times. While 
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“UV + F” did only result in significantly higher titer at 10 min UV exposure, it did result 
in higher average glyceollin when compared to conventional fungal only treatment at 
each exposure time. A UV light followed by fungal inoculum elicitor treatment is a 
promising method to enhance glyceollin titer. UV light treatment does not significantly 





5. CHAPTER V. DETERMINATION OF AUREOBASIDIUM PULLULANS 
GROWTH ON VARIOUS CONCENTRATIONS OF SUCROSE BASED MEDIA IN 
BATCH FERMENTATION FOR PULLULAN PRODUCTION 
Abstract  
Aureobasidium pullulans is a morphologically diverse fungus with industrial 
significance including enzymes, and pullulan production. Sucrose is known to support A. 
pullulans growth and pullulan synthesis. Our goal was to determine if growth rate of A. 
pullulans can be enhanced by varying the level of initial sucrose concentration. Three 
batch mode of fermentations (0.25, 0.5, and 5 L) were conducted. The preliminary trials 
conducted using sucrose concentrations of 5, 10, 15, 20, 25, and 50 g/L did not show any 
significant difference in growth kinetics of A. pullulans for 24 h fermentation. After 24 h, 
cell counts, pH, and dry cell mass showed significant difference in growth rate of A. 
pullulans for 5 and 10 g/L compared to the 50 g/L sucrose. Scaled-up batch fermentation 
(5 L Bioflo) showed similar results, and significantly increased pullulan production at 72 
h by for 50 g/L sucrose. These results indicated that initial sucrose concentration may not 
influence the growth rate in the first 24 h of incubation; however, it can significantly 
impact the cell viability and pullulan production capacity of A. pullulans during long term 
fermentation. Hence, high sucrose level could potentially increase the overall 




Aureobasidium pullulans is a non-pathogenic fungus with industrial significance 
for enzyme and biopolymer production. Enzymes produced by the fungus include 
amylases, cellulases, lipases, xylanases, proteases, laccase, mannanases, pectinases, 
glucanases, etc (Chi et al., 2009).  The biopolymer pullulan is a long polysaccharide 
made up of 1,6 glycosidic linked maltotriose units of three glucose sugars that are 
connected by a 1,4 glycosidic bonds. It has many industrial uses, such as a fiber dietary 
additive (Leathers, 2003), a coating on fruits and vegetables (Diab et al., 2001), an 
adhesive in food and cosmetic industry (Singh et al., 2019), and as a micelle to deliver 
drug based therapy (Tabasum et al., 2018). A. pullulans is capable of enzymatic and 
pullulan production on various substrates glucose, sucrose, mannose, galactose, fructose, 
and different types of agricultural wastes (K. C. Cheng et al., 2011; H. Jiang et al., 2018; 
Singh et al., 2019). However, the leading carbon source in terms of total biomass and 
pullulan production is sucrose (K. C. Cheng et al., 2011; H. Jiang et al., 2018; 
Mohammad et al., 1995; Seo et al., 2014; Sheng et al., 2016; Shin et al., 1987). 
Sucrose is a sugar readily available in oilseed crops such as the soybean (Kuo et 
al., 1988). As such, A. pullulans could utilize the waste-water stream from soybean 
processing facility as a carbon source (Al Loman & Ju, 2016). Most literature has focused 
on the use of high sucrose media concentrations (5-16% sucrose), (K. C. Cheng et al., 
2011; H. Jiang et al., 2018; Sheng et al., 2016) for the production of pullulan and 
biomass, with few studies monitoring growth kinetics of A. pullulans on very low 
concentrations of sucrose (2-4 %)  (Shin et al., 1987; T. P. West & Strohfus, 2001). If a 
soybean waste- water stream were to be utilized, it would be important to monitor the 
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growth of A. pullulans on a wide range of lower concentration of sucrose first to 
determine if significant biomass and pullulan could be produced.   
    Nutrient and environmental conditions are important to monitor, as A. pullulans 
is a fungus with diverse colony morphology (K.-C. Cheng et al., 2011b), including yeast-
like cells, swollen cells, blastospores, chlamydospores, and mycelial growth (Dominguez 
et al., 1978; Pechak & Crang, 1977). This ability of A. pullulans to change morphology is 
known as “phenotypic plasticity”, which occurs mainly due to the carbon and nitrogen 
sources signals to the plasma membrane to switch from yeast to mycelial growth 
(Slepecky & Starmer, 2009). Nitrogen has also been linked to impacting colony 
morphology of the yeast. The addition of yeast extract early on in fermentation seems to 
enhance the production of swollen cells (Ramos & Acha, 1975). However, high 
concentration of nitrogen has been found to result in decreased pullulan production (K. C. 
Cheng et al., 2011; H. Jiang et al., 2018; Seo et al., 2014; L. Simon et al., 1993). As a 
result, for this study we have determined a constant low nitrogen concentration should be 
used when comparing sucrose concentration. 
  In this study, our aim was to determine if the growth rate of A. pullulans could be 
enhanced at low sucrose concentration such as in a soybean wastewater stream. 
Additionally, determining the time needed for A. pullulans to reach optimal log phase of 
growth and doubling time could potentially be helpful in optimizing the pullulan 
production process. Therefore, preliminary set of flask trials (250 mL) were conducted 
using varied concentration of sucrose (0, 5, 10, 15, 20, 25, and 50 g/L) to determine if 
biomass of the yeast over low sucrose concentration. Over the course of 24 h, 
hemocytometer cell counts, CFU/mL, dry cell mass, BRIX, and optical density were used 
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as cell growth quantification methods. Further set of trials were conducted in batch mode 
using 500 mL flask and 5 L Bioflo reactors at four different levels of sucrose 
concentrations. The crude pullulan content was also determined at selected time points of 
the growth cycle.   
5.2. MATERIALS AND METHODS  
5.2.1 Chemicals 
Sucrose, Ultra-Pure was obtained from Schwarz/Mann (Orangeburg, NY) and 
glucose from Sigma Aldridge (St. Louis, MO). Yeast Extract was obtained from Fisher 
Bioreagents (Fair Lawn, NJ) and Difco Potato Dextrose Agar (PDA) from Fisher 
Scientific, (Hampton, NH). 
5.2.2 Microorganisms 
Aureobasidium pullulans Y2311L was obtained from culture collection of USDA 
laboratory (Peoria, IL). The stock culture of A. pullulans was maintained on PDA at 4℃. 
A. pullulans inoculum was prepared by transferring colonies of A. pullulans in 5% 
glucose yeast extract media. The flasks were then incubated in Thermo Scientific Forma 
Incubated Benchtop Orbital Shaker (Waltham, MA) for 24 h at 30 ℃ and 150 RPM for 
each set of trials. 
5.2.3 Growth Kinetics of A. pullulans  
 The growth kinetics of A. pullulans was examined at various sucrose 
concentrations and three difference reactors size (250 mL, 500 mL, and 5 L Bioflo). The 
working volume of 62.5 mL, 125 mL, and 3 L were used respectively for the 250, 500 
mL, and 5 L bioreactors. All flask trials at each sucrose concentration were performed in 
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triplicate, and Bioflo trials were performed in duplicate. Details of all three types are 
explained in the section below.  
5.2.4. Preliminary Experimental Trials using 250 mL Flasks 
Sucrose concentrations of 0, 5, 10, 15, 20, 25, and 50 g/L were used in 
preliminary trials in 250 mL flasks. The sucrose yeast extract media of 62.5 mL was 
prepared at varying level of sucrose concentrations in 250 mL Erlenmeyer flask. The 
flasks were then covered with foam stoppers and autoclaved at 121℃ for 30 min for 
sterilizing the growth media. Once the flasks were cooled down to room temperature, 
each flask was inoculated with 625 "L of 24 h culture of A. pullulans. Flasks were then 
placed in a shaker incubator at 30℃ and 150 RPM for 24 h. Sample (8 mL) was 
withdrawn from each flask at 0, 4, 8, 12, and 24 h of incubation. The samples were then 
processed and analyzed as discussed in the section below. Data from preliminary 
experimental trials were used to determine which sucrose concentrations had best growth 
kinetics at 24 h. Based off results 0, 5, 10, and 50 g/L sucrose were chosen for batch and 
Bioflo trials.  
5.2.5. Batch Trials in 500 mL Flasks 
The batch trials were carried out to determine if sucrose concentrations effected 
growth kinetics of A. pullulans beyond the initial 24-hour timepoint. Based off data from 
preliminary trials the sucrose concentration of 0, 5, 10, and 50 were chosen. The 500 mL 
Erlenmeyer flasks containing the heat sterilized growth media (125 mL) were inoculated 
with 1.25 mL of 24 h culture of A. pullulans. All flasks were placed in an incubator at 
30℃ and 150 RPM. Samples (8 mL) were withdrawn at 0, 4, 8, 12, 24, 28, 32, 36, 48, 52, 
56, 60, and 72 h of incubation.  
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5.2.6. Bioflo Trials at 3L Working Volume 
 The same sucrose concentrations of 0, 5, 10, and 50 g/L were used in Bioflo trials. 
These trials were carried out to determine if scale-up effected growth kinetics. 
Additionally, pullulan production was measured in Bioflo trials, further discussed below. 
5L Bioflo reactors (New Brunswick Scientific Co, Inc. Edison, NJ, USA) containing the 
sucrose media were autoclaved at 121℃ for 30 min and 30 mL, or 1% working volume, 
of A. pullulans inoculum was used to inoculate each Bioflo. Temperature was set to 30℃, 
mixing to 150 RPM, and aeration at 0.5 VVM. Samples (8 mL) were taken for analytical 
measurement at 0, 8, 12, 24, 48, and 72-hour marks. When pullulan was measured 
samples (50 mL) were removed at 0, 8, 12, and 72-hour marks. Analytical samples and 
pullulan samples were taken in triplicate from each Bioflo.  
5.2.7. Analytical Measurements  
 For preliminary and batch trials six analytical measurements were conducted at 
each timepoint. These included pH, CFU/mL, hemocytometer cell counts, optical density, 
dry cell mass, and % BRIX sugar measurement. For Bioflo trials all six analytical 
measurements were carried out in addition to pullulan measurement.  
5.2.7.1. Colony Forming Units per mL (CFU/mL) 
CFU/mL was determined using the PDA plate count. Samples were diluted using 
1X Phosphate Buffer, for total dilution from 10-1 to 10-7. Sample dilutions were plated 
and final plate dilutions of 105, 106, and 107 were used for counts. Plates were placed in 
the incubator at 30℃ without light for 24-48 h.  
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5.2.7.2. Hemocytometer Cell Counts 
 Alive, dead, and budding cells were monitored by Hemocytometer cell counts. 
Depending on timepoint, a 1:10, 1:20, or 1:50 dilution was made using sample and sterile 
water for a final total volume of 10 mL. Three drops of methylene blue were added to 
each dilution, and the samples mixed for five minutes. Cells were observed at 400X using 
a Leica ATC 2000 (Buffalo, NY) bright field microscope. Dead cells were stained blue 
by methylene blue crossing the membrane, while alive cells appeared clear. Results 
presented are at a 10X dilution. Cell morphology was also observed at 400X (images not 
shown).    
5.2.7.3. Optical Density 
 A BioTek Synergy 2 Multi-Mode Microplate Reader, Winooski, VT, was used to 
determine absorbance at 600 nm. Triplicate samples were measured at stock solution, as 
well as dilutions at 2X, 4X, 8X, 16X, and 32X. Each triplicate sample’s optical density 
was averaged based on 5 optical density readings for the stock solution through the 1:32 
dilution. Results shown are from the 4X dilution. 
5.2.7.4. Dry Cell Mass 
 In a 15 mL tube, 5 mL of sample was centrifuged at 4000 g for 5 minutes. The 
supernatant was removed, and 5 mL of DI water added to be centrifuged at 4000 g for 5 
minutes. This process was repeated once more. Three mL of DI water was added to tube 
containing the pellet, and the tube was vortexed until the pellet was broken down. The 
sample was dried at 80°C overnight and final weight was recorded.  
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5.2.7.5. % BRIX Sugar Measurement 
 The ATAGO PR-101$ (Brix 0-45%) Refractometer, Bellevue, WA was used for 
% BRIX sugar measurement.  
5.2.7.6. Crude Pullulan Determination 
The crude pullulan content was determined according to methods used by Vijayendra 
et. al., (Vijayendra et al., 2001). 50 mL of sample was taken in triplicate from each Bioflo 
at 0, 8, 12, and 72 h. The samples were centrifuged at 10,000 g for 10 minutes. 15 mL of 
supernatant was then decanted into a 50 mL tube. Equal parts of 70% iso-propanol were 
added, and tubes were centrifuged at 5,000 g for 20 minutes. Supernatant was discarded 
from the 50 mL tubes, and 10 mL of acetone was added. Vacuum filtration using 85 mm 
filter paper was used to extract pullulan from acetone wash solution. The filter paper with 
pullulan was dried overnight at 80℃ and then dry weight was recorded. 
5.2.8. Statistical Analysis  
 Preliminary and batch trials were conducted in triplicate, and all results are 
reported in mean ± standard deviation. Bioflo trials were conducted in duplicate, with 
triplicate samples taken from each Bioflo at all sampling timepoints. Results for Bioflo 
trials are reported in mean ± standard deviation. All mean and standard deviation data 
was calculated using Microsoft Excel 2019. A one-way ANOVA was conducted (p < 
0.05) using R package 3.5.2 to test for statistical significance.  
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5.3. RESULTS 
5.3.4. Preliminary Experimental Trials Using 250 mL Flasks  
Number of live cells continued to increase at 24 h, except for the control (no sucrose) 
(Figure 5.1a). Greatest doubling time increase by live and budding cells occurs between 8 
and 12 h at all sucrose concentrations. Live cell counts increased by highest factor of 13-
fold at 10 g/L sucrose, and lowest factor of 3.5-fold at 0 g/L sucrose. In the first 24 h, 
there was no significant difference in live cell counts between all sucrose concentrations, 
except the control (Figure 5.1a).  Number of budding cells began doubling by 8 h (Figure 
5.1b). Lower sucrose concentrations had higher budding counts, which was significant at 
12 h for the 10 g/L concentration. The dead cells increased the most between 12 and 24 h 
timepoints (Figure 5.1c). Lower sucrose concentrations of 0, 5, and 10 g/L had the 
highest number of dead cells at this point, with higher sucrose concentrations of 15, 20, 







Figure 5.3.1: Hemocytometer cell counts and pH results for preliminary trials. Live cell 
counts (a), budding cell counts (b), dead cell counts (c), and pH (d) are shown at 0, 4, 8, 
12, and 24 sampling times. 
 
 
 Change in cellular morphology was observed using microscopic images 
(Supplementary Figure 5.1). Increases in live and budding cell counts between 8 and 12 h 
also coincided with change in cellular morphology. Cellular morphology changed with all 
sucrose concentrations except the control, which remained yeast-cell throughout. From 0-











































































































Figure 5.1: Hemocytometer cell counts and pH results for preliminary trials. Live cell 
counts (a), budding cell counts ( ), dead cell counts (c), and p  ( ) are sho n at 0, 4, 8, 
,   h sampling times.  
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had increased as well as cell length. The cell types appear most similar to blastospores 
and swollen cells, and some chlamydospores  (H. Guterman & Y. Shabtai, 1996). By 12 
h, larger mycelial networks were apparent, in addition to chlamydospores and larger 
swollen cells. Budding cells were apparent on blastospores and swollen cells at 8 h, and 
on swollen cells and mycelium at 12 h. Yeast cells were apparent at all time points. The 
largest fold increase in live cells at 8 h coincided with the appearance of larger cell 
morphology with budding cells. By 24 h, the predominant cell type was yeast like and 
budding yeast like, with almost no other apparent cell morphologies. This aligns with a 
lower fold increase in live cells. 
The pH was monitored to determine if change correlated with number of live or 
dead cells. Like cell count findings, the greatest change in pH also occurred between the 
8-12 h timepoint (Figure 5.1d). At 8 h, 0, 5, and 10 g/L had significantly higher pH than 
the rest of the sucrose concentrations. By 12 h this reversed, and 10 g/L sucrose had the 
significantly lowest pH, followed by 5 g/L sucrose, and the control with the significantly 
highest. At 24 h, pH trends again changed, and higher pH correlated with decreased 
sucrose concentration of 0 and 5 g/L (r = -0.76) (Figure 5.1d). The increasing pH trend 
also moderately correlates with increasing number of dead cells (r = 0.64). 
Dry cell mass and optical density were compared to live and dead cell counts. Dry 
cell mass also showed greatest fold increase between 8-12 h, except for the 50 g/L 
sucrose between 12-24 h. The 50 g/L sucrose dry cell mass was also significantly higher 
at 12 h compared to lower sucrose, which conflicts with the no difference seen in live 
counts. We hypothesize this may have occurred due to higher sugars % BRIX (Table 
5.1), which would have been accounted for in optical density calculations. Optical 
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density results (Table 5.1) were identical to live and budding cell increase over 24 h 
(Figure 5.1a and Figure 5.1b). All sucrose concentrations had statistically similar optical 
density, except for the 5 g/L and control at 24 h. Correlation between optical density and 
number of live cells for all sucrose concentrations was low between 0-12, but by 24 h 
was strongest at (r = 0.71). 
The % BRIX sugar was used to determine how much sucrose was utilized by A. 
pullulans. It was highest at 50 g/L and lowest for 0 g/L sucrose (Table 5.1). With the 
increase in incubation time, BRIX decreased by similar amounts for all sucrose 
concentrations. By 24 h, 0.8 % were consumed at 0 g/L, 0.5 % at 5 g/L s, 0.8% at 10 g/L , 
1.2% at 15 g/L , 0.8% at 20 g/L , 1.1% at 25 g/L , and 1.1% BRIX at 50 g/L sucrose 
(Table 5.1). BRIX correlated with sucrose with r = 0.99 at 8, 12, and 24 h. However, 










Table 5.3.1: CFU/mL (107), dry cell mass (g/L), BRIX (%), and optical density (600 nm) 























0  Nd  1.1±0.1e 0.008±0.006a 
4 5±4 0.44±0.77a 0.6±0.1e 0.037±0.018ab 
8 11±3 1.33±0.67 ab 0.5±0.1f 0.143±0.077a 
12 198±122 0.56±0.19c 0.4±0.1e 0.359±0.039b 





0 9±14 1.67±0.67a 1.2±0.0e 0.010±0.006a 
4 1±2 1.33±0.51a 1.2±0.3d 0.035±0.005ab 
8 1±1 1.44±0.51a 1.0±0.2e 0.107±0.014a 
12 15±12 4.44±1.02ab 0.9±0.1d 0.709±0.001a 





0 0±0 Nd 1.6±0.1d -0.001±0.002a 
4 0±1 0.00±0.00a 1.5±0.3d 0.043±0.003b 
8 1±1 1.44±0.51ab 1.5±0.2d 0.123±0.024a 
12 13±18 3.67±0.47b 1,3±0.1d 0.783±0.069a 





0  1.22±1.68a 2.6±0.2c -0.013±0.007a 
4 3±1 0.78±1.50a 2.5±0.2c 0.012±0.003a 
8 1±2 0.22±0.84b 2.4±0.2c 0.120±0.026a 
12 105±41 2.33±1.00bc 2.3±0.2c 0.848±0.113a 





0 3±3 Nd  2.6±0.1c 0.016±0.002a 
4 4±4 1.33±4.10a  2.6±0.1c 0.051±0.015a 
8 1±1 1.44±1.0ab 2.8±0.2c 0.177±0.038a 
12 99±60 4.44±0.38ab 2.4±0.2c 0.850±0.126a 





0 19±5 Nd  3.4±0.1b 0.009±0.008a 
4 8±6 Nd  3.4±0.1b 0.051±0.007a 
8 13±7 1.11±1.17ab 3.3±0.1b 0.159±0.029a 
12 72±40 3.56±0.19ab 3.0±0.1b 0.931±0.067a 





0 Nd Nd  5.7±0.1a 0.009±0.006a 
4 Nd Nd  5.7±0.0a 0.036±0.004ab 
8 Nd 0.78±0.19ab 5.6±0.1a 0.124±0.023a 
12 Nd 5.67±0.33a 5.3±0.1a 0.706±0.065a 
24 Nd 8.56±1.84ab 4.6±0.2a 4.346±0.487a 
Means within each column followed by different superscript are significantly different 
at p < 0.05 (n = 3) at each time point. 
Nd: not determined; TNTC: Too many to count 
le .1: CFU/mL (107), dry cell mass (g/L), BRIX (%), and optical density (60  nm) 




5.3.5. Batch Trials using 500 mL Flasks 
 The first 24 h of the 500 mL Flask trials showed a similar growth curve as seen in 
preliminary trials. Cells began doubling at 8 h for all sucrose concentrations and 
increased up to 24 h (Figure 5.2a). There was no statistical difference between live cell 
counts in the first 24 h, except the control (Figure 5.2a).  After 24 h, live cells decreased 
at 5 g/L and increased at 50 g/L rather steadily. However, at 10 g/L sucrose 
concentrations cell count results were fluctuating heavily between 24-48 h. As will be 
shown further, this fluctuation also occurred in dead cell counts and with pH analysis. 
Live counts were significantly lower at 48 h for the 0 and 5 g/L sucrose, and the 0, 5, and 
10 g/L were significantly lower at 72 h. Budding cells were higher in lower sucrose 
concentrations compared to higher sucrose (50 g/L) from 0-32 h for 5 g/L, and from 0-60 
h for 10 g/L sucrose. This was significant at the 28, 32, 36, and 48 h timepoint for 10 g/L 
sucrose (Figure 5.2b). Dead cells increased for lower sucrose concentrations at the 24 h 
timepoint. This was the reverse trend shown for live cells in Figure. 5.2a, with dead cells 
steadily increased at 5 g/L sucrose, remaining low 50 g/L sucrose, and fluctuating at 10 
g/L. The fluctuation was especially apparent at 48 h, where number of dead cells at 10 
g/L dropped dramatically, and alive cells spiked (Figure 5.2c).  From 28-60 h, 50 g/L had 
lowest number of dead cells. This low number of dead cells was only significant 
compared to 5 and 10 g/L sucrose, but not the control (Figure 5.2c). This was likely due 
to control having no new cell growth after 24 h, so total cells were very low. At 72 h each 
concentration had a significant number of dead cells, with 5 g/L having the highest 




Figure 5.3.2: Hemocytometer cell counts and pH results for batch trials. Live cell counts 
(a), budding cell counts (b), dead cell counts (c), and pH (d) are shown at 0, 4, 8, 12, 24, 
28, 32, 36, 48, 52, 56, 60, and 72 h sampling times. 
 
 Colony morphology for the first 24 h was very similar to preliminary batch trials 
(images not shown). After 24 h in batch trials, the morphology did not have any cell type 
changes which occurred between 8-12 h. Yeast and budding yeast cells were the only 
morphology types from 24-72 h.  
 pH decreased for all sucrose concentrations except the control. The pH results 


































































































i  .2: Hemocytomet r cell counts and pH results for batch trials. Live cell counts 
(a), budding cell counts (b), dead cell counts (c), and pH (d) are shown at 0, 4, 8, 12, 24, 
28, 32, 36, 48, 52, 56, 60, and 72 h sampling times. 
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had the lowest pH as compared to 10 g/L in preliminary trials between 8 and 12 h (Figure 
5.1d and Figure 5.2d). At 24 h, pH began to increase for the 5 g/L sucrose concentration 
while it decreased steadily at 50 g/L sucrose. Just as with live and dead counts, pH 
fluctuated between 24-48 h at 10 g/L sucrose (Figure 5.2d). From 24-72 h there was a 
significant difference between the pH of all four sucrose concentrations, with 0 g/L being 
the highest and 50 g/L the lowest (Figure 5.2d). pH increase of the sucrose concentrations 
strongly negatively correlates with the number of live cells (r = -0.89, r = -0.83, and r = -
0.91) at 24, 48, and 72 h, respectively. Correlation between pH and dead cells is not 
apparent between 24-72 h, as it was in preliminary trials.  
  The trend for greatest increase in dry cell mass between 12 and 24 h was 
consistent with preliminary trials (Table 5.2). With batch trials at 12 h, the 10 g/L sucrose 
had significantly higher dry cell mass, at 24 h 50 g/L had significantly higher dry cell 
mass than 10 g/L, and the control the lowest. This observation contradicted 50 g/L 
sucrose having the highest dry cell mass at 12 h in preliminary trials (Table 5.1 and Table 
5.2). Dry cell mass increased until 32 h for 5 g/L sucrose, until 52 h for 10 g/L sucrose, 
and until the final timepoint for 50 g/L sucrose. The difference in dry cell mass was 
significant between 5 and 50 g/L at 32 h, but there was never a significant difference in 
dry cell mass between 10 and 50 g/L. This may have been due to the fluctuation in cell 
counts for 10 g/L sucrose; a result similar to a second exponential increase shown in dry 
cell mass in a study when low glucose media was used for A. pullulans fermentation 
(Bermejo et al., 1981).  Dry cell mass correlated with increasing number of live cells 
relatively strongly after 12 h with a correlation coefficient of (r = 0.82, r = 0.72, and r = 
0.78) at 24, 48, and 72 h, respectively. Optical density results show 5 and 10 g/L sucrose 
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concentrations increased until 28 and 36 h respectively, while the 50 g/L increased in a 
stepwise manner until final sampling at 72 h. The 10 g/L had significantly higher optical 
density at 12 and 24 h, and 50 g/L had significantly higher at 36 h onward. These results 
were similar to live cell counts, especially at later times, with correlation of (r = 0.79, r = 
0.81, and r = 0.92) at 24, 48, and 72 h respectively 
 The % BRIX sucrose loss was similar in batch trials compared to preliminary 
trials, except for the 50 g/L sucrose which was much higher (Table 5.1 and Table 5.2). 
Average sugar loss over 24 h was 0.2, 0.4% 0.8%, and 1.7% at 0, 5, 10, and 50 g/L 
respectively. It should be noted that the standard deviation is much higher for the 50 g/L 
% BRIX (Table 5.2). By 72 h, % BRIX sugars were almost entirely utilized (only 0.1-
0.3% remaining) for 0, 5, and 10 g/L, while 2.8% remains for 50 g/L. At later timepoints 
the correlation between initial sucrose concentration and % BRIX sugars is high, (r 
=0.99, r = 0.98, and r = 0.98) at 24, 48, and 72 h respectively. Correlation between 
optical density and % BRIX was high (r = 0.84 and r=0.89) at 48 and 72 and slightly 
lower for live cells (r = 0.51 and r = 0.86) at the same timepoints. Additionally, there was 













Table 5.3.2: CFU/mL (107), dry cell mass (g/L), BRIX (%), and optical density (600 nm) 





















0 0±1 Nd  0.6±0.0d  
4 1±1 Nd 0.6±0.0 0.046±0.011ab 
8 3±2 0.44±0.38b 0.5±0.0c  
12 55±21 1.22±0.38b 0.4±0.0c 0.633±0.014b 
24 TNTC 2.00±0.58c 0.4±0.0b 1.301±0.216c 
28 246±26 2.22±1.26b 0.5±0.0b 1.079±0.063c 
32 TNTC 2.67±1.45b 0.4±0.0b 1.161±0.006c 
36 TNTC 3.11±0.51b 0.4±0.0b 1.275±0.074d 
48 12±7 2.89±0.69c 0.2±0.0b 1.171±0.137d 
52 1±1 1.67±0.0c 0.2±0.0b 1.010±0.148d 
56 0±0 1.78±1.71c 0.3±0.0b 0.749±0.465c 
60 0±0 1.44±0.19c 0.1±0.0b 0.859±0.054d 





0 1±2 Nd 1.0±0.1c 0.014±0.018a 
4 1±1 Nd 0.9±0.1 0.030±0.010b 
8 1±1 Nd 1.0±0.1bc 0.096±0.011a 
12 15±9 0.78±0.39b 1.0±0.1b 0.489±0.109b 
24 TNTC 3.89±0.69bc   0.6±0.1b 2.549±0.258b 
 28 TNTC 8.22.±1.01a 0.4±0.2b 3.137±0.200b 
 32 TNTC 8.78.±2.01a   0.4±0.1b 3.034±0.010b 
 36 TNTC 5.65±0.32a 0.3±0.2b 3.078±0.187c 
 48 TNTC 4.78±0.69bc 0.5±0.1b 2.549±0.075c 
 52 TNTC 4.44±0.19b 0.4±0.0b 2.426±0.298c 
 56 TNTC 4.56±1.02bc 0.4±0.1b 2.762±0.220b 
 60 TNTC 2.67±0.33c 0.4±0.2b 2.634±0.239c 





0 1±1 Nd 1.7±0.1b 0.023±0.013a 
4 0±0 1.44±0.51a  0.038±0.014b 
8  1.67±0.33a 1.7±0.1b 0.205±0.051a 
12 51±35 3.00±0.58a 1.2±0.1b 1.007±0.098a 
24 TNTC 5.56±0.77b 0.9±0.1b 3.674±0.425a 
28 224±18 7.00±0.88a   0.9±0.1b 3.563±0.146a 
32 TNTC 7.44±1.64a 0.7±0.1b 4.079±0.179a 
36 248±9 7.00±0.33a   0.6±0.5b 3.635±0.041b 
48 TNTC 8.00±1.20ab 0.4±0.3b 3.475±0.167b 
52 TNTC 11.56±1.17a 0.6±0.1b 3.986±0.184b 
56 TNTC 8.11±0.77ab  0.5±0.3b  3.413±0.003b 
60 TNTC 9.00±0.33b 0.4±0.1b 3.378±0.233b 





0     Nda17 Nd 6.6±0.1a 0.017±0.008 a  
4   Nda3 Nd Nd 0.067±0.016 a 
8   Nda1 0.44±0.19b 5.7±0.5a 0.143±0.077a 
12   Nda5 1.33±0.88b Nd 0.521±0.031a 
Table 5.2:  CFU/mL (107), dry cell mass (g/L), BRIX (%), and optical density (600 nm)     
results for batch trials at sampling times 0, 4, 8, 12, 24, 28, 32, 36, 48, 52, 56, 60, and    
72 h.  
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24       Nda 8.22±1.07a 4.9±0.6a 3.023±0.085ab 
28       Nda 8.56±1.34a 4.9±0.5a 3.878±0.188a 
32 Nda 10.44±1.17a 4.0±0.6a 3.974±0.209a 
36 Nda 7.44±1.35a 4.4±0.3a 4.079±0.075a 
48 Nda 10.22±3.47a 3.9±0.2a 5.122±0.318a 
52 Nda 12.44±0.84a 4.1±0.7a 5.657±0.242a 
56 Nda 12.22±2.98a 3.9±0.1a 5.786±0.428a 
60 Nda 14.33±0.10a 3.4±0.2a 6.738±0.346a 
72 Nda 10.78±5.85a   2.8±0.1a 6.353±0.826a 
Means within each column followed by different superscript are significantly different 
at p < 0.05 (n = 3) at each time point. 
Nd: not determined; TNTC: Too many to count 
 
5.3.6. Bioflo Trials at 3 L Working Volume  
 Live cells increased for the first 24 h, but did not increase or decrease for any 
sucrose concentration except the control between 24- 48 h. By 72 h, 5 and 10 g/L live 
cells had decreased substantially, while at 50 g/L had remained almost the same (Figure 
5.3a). Overall, cell counts were lower at all concentrations than batch trials, which will 
further be discussed below. In terms of significance, live cell counts were similar until 12 
h, where 10 g/L sucrose was lower than 0, 5, and 50 g/L sucrose (Figure 3a). This 
contradicted both preliminary and batch findings. Even though counts were lower at 24, 
48, and 72 h compared to batch trials, the trend in terms of significance for different 
sucrose concentration was the same. Again at 24 and 48 h there was no difference 
between 10 and 50 g/L sucrose, but at 72 h the 50 g/L sucrose had significantly higher 
counts. The lowest sucrose concentration (5 g/L) was significantly lower at 24, 48, and 
72 h. Budding cell counts were also much lower for Bioflo trials, like live counts. The 10 
g/L had higher number of budding cells compared to high sucrose, which was significant 
at 24 and 48 h, like batch trials. At the final sampling point there was no difference in 
budding cells between all concentrations, including the control (Figure 5.3b). Dead cell 
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counts were also lower, likely caused by less live cell growth in Bioflos (Figure 5.3c). As 
a result, there was no significant difference in dead cells between 10 and 50 g/L sucrose 
at any timepoint, unlike with batch trials. Larger Bioflo volume did not appear to 
influence colony morphology (images not shown).  
 
 
Figure 5.3.3: Hemocytometer cell counts and pH results for Bioflo trials. Live cell 
counts (a), budding cell counts (b), dead cell counts (c), and pH (d) are shown at 0, 8, 12, 
24, 48, and 72 h sampling times. 
 
 
The pH of Bioflo decreased in the 24 h for all sucrose concentrations except the 



























































































Figure 5.3: Hemocytometer cell counts and pH results for Bioflo trials. Live cell counts 
(a), budding cell counts (b), dead cell counts (c), and pH (d) are shown at 0, 8, 12, 24, 
48, and 72 h sampling times. 
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concentration had significantly lower pH at 8 and 12 h compared to the other 
concentrations. After 24 h, the pH of the 5 g/L sucrose begins to increase, after 48 h the 
10 g/L sucrose begins to increase, and at 72 h the pH of 50 g/L sucrose is still decreasing 
(Figure 5.3d). The 48 and 72 h timepoints showed that increasing pH correlated with 
decreasing sucrose (r = -0.79 and r = -0.91) respectively. Correlation between pH and 
alive cells was also tested for Bioflo trials. Just as batch trials showed strong correlation, 
at 48 and 72 h, number of alive cells again negatively correlated with pH (r = -0.92 and r 
= -0.92) respectively. However, unlike batch trials the number of alive cells did not 
correlate strongly with pH at 24 h (r = -0.49).  
 Dry cell mass showed no significant difference between sucrose concentration in 
the first 24 h, besides the control (Table 5.3). These results were like those of preliminary 
trials, but different than batch trials where there was difference. At 48 h, DCM was 
similar between 10 and 50 g/L sucrose, which were both significantly higher than 0 and 5 
g/L sucrose. At 72 h, only 50 g/L was significantly higher. For Bioflo trials, increasing 
DCM correlated with increasing number of alive cells (r = 0.49, r = 0.85, and r = 0.79) at 
24, 48, and 72 h, respectively. Optical density results did show significant at 24 h, with 
50 g/L have higher optical density than 10 g/L. At 48 h there was no difference, but at 72 
h 50 g/L was again the highest, with the control being significantly lower than all other 
concentrations (Table 5.3). Increasing optical density correlates with increasing alive 
cells with a correlation coefficient of (r = 0.47, r = 0.81, r = 0.81) at 24, 48, and 72 h, 
respectively.  
 While starting % BRIX values were different than preliminary and batch trials, 
the amount of % BRIX sugars utilized in the 24 h was like preliminary findings (Table 
124 
5.3). Within the first 24 h 0.8%, 1.0%, and 0.8 % BRIX were utilized by 5, 10, and 50 
g/L, respectively. This was not the case with control, which started and remained at about 
the same % BRIX throughout 72 h, which was different then results from preliminary and 
batch trials (Table 5.1 and 5.2). For the control and 5 g/L sucrose concentrations, almost 
all of % BRIX sugars were used by 72 h. However, for 10 and 50 g/L sucrose, there was 
still leftover % BRIX sugars (Table 5.3). Additionally, amount of remaining % BRIX 
sugars was much higher, 1.1% of 2.6% total for 10 g/L, and 4.1% of 5.8% total for 50 
g/L. This may have been the result of lower live cell counts in Bioflo, compared to batch 
trials. Just as with preliminary and batch trials, the sucrose concentration and % BRIX 
strongly correlated, r = 0.99, at 24, 48, and 72 h. At later timepoints of 48 and 72 h, there 
again strong correlation between % BRIX and number of live cells, pH, and optical 
density. For % BRIX and optical density, r = 0.65 and r = 0.80 at 48 and 72 h. 
Correlation between % BRIX and live cells is r = 0.79 and r = 0.91. Finally, % BRIX and 













Table 5.3.3: CFU/mL (107), dry cell mass (g/L), BRIX (%), and optical density (600 nm) 
















0 0 2±2 Nd 0.5±0.1d 0.015±0.006a 
8 11±3 0.72±0.39a 0.5±0.1d 0.148±0.016ab 
12 43±15 2.33±0.31a 0.5±0.1d 0.362±0.065a 
24 131±65 1.56±0.47b 0.4±0.0d 0.621±0.433c 
48 61±29 1.56±1.09b 0.4±0.0c 1.285±0.031b 
72 14±3 2.56±0.69b 0.5±0.0c 1.018±0.041c 
5 0 2±2 Nd 1.6±0.0c 0.014±0.014a 
8 1±1 1.50±0.55a 1.2±0.1c 0.092±0.025b 
12 47±6 2.39±0.71a 1.3±0.3c 0.334±0.095a 
24 139±55 4.33±0.63a 0.8±0.1c 1.433±0.153a 
48 111±44 2.78±0.63b 0.5±0.0c 2.124±0.225a 
72 115±85 5.39±1.49b 0.4±0.0c 2.247±0.204b 
10 0 Nd Nd 2.6±0.2b -0.005±0.006a 
8 Nd Nd 2.3±0.0b 0.058±0.003b 
12 Nd 1.50±0.08ab 2.0±0.1b 0.271±0.014a 
24 Nd 3.78±0.31a 1.6±0.4b 1.120±0.020b 
48 Nd 7.06±1.49a 1.3±0.1b 2.204±0.071a 
72 Nd 4.78±1.07b 1.1±0.2b 2.413±0.050b 
50 0 4±3 Nd 5.8±0.0a 0.017±0.005a 
8 9±10 0.87±0.73a 5.7±0.1a 0.234±0.156a 
12 51±46 0.60±0.37b 5.5±0.0a 0.352±0.098a 
24 165±39 4.56±0.31a 5.0±0.2a 1.570±0.225a 
48 108±51 8.83±2.12a 4.5±0.1a 2.693±0.529a 
72 132±39 12.06±1.96a 4.1±0.1a 3.524±0.619a 
Means within each column followed by different superscript are significantly different 
at p < 0.05 (n = 3) at each time point. 
Nd: not determined 
 
 The crude pullulan content was measured in Bioflo trials to determine if initial 
sucrose concentration correlated with pullulan production. Additionally, pullulan was 
measured at 0, 8, 12, and 72 h timepoints to determine if there was any correlation 
between colony morphology changes and increased pullulan. The control with no sucrose 
Table 5.3: CFU/mL (107), dry cell mass (g/L), BRIX ( ), and optical density (600 




addition showed no pullulan production at any of the timepoints tested (Table 5.4). In the 
first 8 h for sucrose concentrations at 10 and 50 g/L there were some negative values 
measured in triplicate from the two Bioflos. We believe this may have occurred because 
of the acetone degrading the cellulose filter paper that was used to separate pullulan. 
There was no difference between the four sucrose concentrations at 0, 8, or 12 h. At 72 h, 
50 g/L sucrose concentration produced significantly higher pullulan than the lower 
sucrose concentrations. There was no difference between the 0, 5, and 10 g/L pullulan 
production at this timepoint (Table 5.4). The correlation between increasing sucrose 
concentration and increasing pullulan at 72 h was very strong (r = 0.98). The correlation 
between % BRIX and pullulan at 72 h was also high r = 0.98. The larger colony 
morphology at 8 and 12 h did not produce more pullulan than the yeast cells at 72 h. 
Instead, pullulan seems to increase as length of sucrose fermentation increase. Future 
trials with more frequent sampling of pullulan across 72 h timepoints will be needed to 




















Table 5.3.4: Pullulan production (mg/mL) from Bioflo trials at sampling points 0, 8, 12, 




















50 0 0.182±0.133a  
8 0.090±0.002a  
12 0.264±0.160a  
72 3.653±0.440a 
Means within each column followed by different superscript are significantly different 
at p < 0.05 (n = 3) at each time point. 
Nd: not determined 
 
5.4. DISCUSSION  
5.2.2 Preliminary Experimental Trials Using 250 mL Flasks 
 Preliminary experimental trials gave insight into the change from lag to 
exponential growth within the first 24 h (Figure 5.1). The data appears to show the 
greatest doubling time occurs between 8-12 h. This timeframe is also where changes from 
yeast-like to blastospore to swollen cell and chlamydospore to mycelium morphology 
occur for all sucrose concentrations except the control. Many small buds began to appear 
on yeast cells, blastospores, and mycelium. Larger cell morphology with budding cells 
Table 5.4: Pullulan production (mg/mL) from Bioflo trials at sampling points 0, 8, 
12, and 72 h.  
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likely contributed to increase in live cell counts and dry cell mass within in this 8-12 h 
timeframe. Several studies have found the order of morphology appearance to be swollen 
cells, followed by blastospores and chlamydospores (H. Guterman & Y. Shabtai, 1996; 
B. X. Li et al., 2009; Pechak & Crang, 1977). Timepoint for morphology change depends 
on batch or continuous culture. For example, Pechak & Crang (1997) found that 
blastospores appear within the first 8 h of malt fermentation, which is similar to our 
study. However, in fed-batch fermentations, blastospores and chlamydospores do not 
form until the 24 h, or even as late as 50-70 h (H. Guterman & Y. Shabtai, 1996; B. X. Li 
et al., 2009) 
Out of all sucrose concentrations, only the control did not have any change in 
morphology. These results seem to suggest that high vs low sucrose concentration does 
not affect ability to change the colony morphology type in the first 24 h. These results 
agree with numerous studies that have researched morphology of A. pullulans using 
0.25%, 3%, or 5% of carbon source were used in media (Campbell et al., 2004; H. 
Guterman & Y. Shabtai, 1996; L. Simon et al., 1993).  
One factor that may be playing the role instead is nitrogen availability. For 
example, introduction of yeast extract to sugar medium has been found to result in 
increased swollen cell appearance (Ramos & Acha, 1975). Simone et al (1993) found a 
double nitrogen source vs single resulted in hyphal production, and Bermejo and 
Dominguez (1981) found that chlamydospores more readily formed when ammonium 
sulfate was introduced (Bermejo et al., 1981; L. Simon et al., 1993). However, not all 
studies agree. Nitrogen exhaustion led to colony morphology change from blastospores to 
swollen cells and chlamydospores (Andrews et al., 1994). lt is possible that nitrogen 
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availability in the first 8-12 h drives colony morphology change, and after it is utilized 
yeast like morphology is apparent at 24 h. More work would need to be done to 
determine if nitrogen availability correlates to changes in morphology at specific 
timepoints 
Another factor that is likely being impacted by colony morphology is change in 
pH. Initial pH was between 6.4-6.7 for all tested concentrations, including the control 
(Fig. 5.1d). Greatest decrease in pH occurred for all sucrose concentrations between the 
8-12 h timepoint. This timepoint as discussed, was also when swollen cells, blastospores, 
chlamydospores, and smaller hyphal structures became apparent. At 8 h when swollen 
cells and blastospores appeared in all sucrose concentrations beside the control, pH 
values ranged from 5.6-6.0, while the control had pH 6.3. When chlamydospores and 
larger hyphal networks appeared at 12 h, pH ranged from 4.9-5.3, with the control at pH 
6.7 (Fig. 1d). This result is similar to findings by Li et al (2009), where a pH of 6.0 
showed predominately yeast like cells, while swollen cells began to predominate at pH 
4.5 (B. X. Li et al., 2009). Li et al also found swollen budding cells at predominately at 
pH 2.1, and chlamydospores at pH of 3.1. These results slightly differ from ours, as both 
swollen budding cells and chlamydospores were very apparent at 12 h, when pH range 
was only 4.9-5.3 (B. X. Li et al., 2009). Additionally, acidified media (pH 2.5-3.5) was 
enough to cause change in morphology without carbon and nitrogen limitation (Andrews 
et al., 1994). It is possible that the substantial pH change from 8-12 h, contributed to 
morphology change at this timepoint.  
Increase in cell growth and doubling time is also known to impact pH. A pH 
range of 4-5 was found to produce greatest doubling time for A. pullulans using 
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agricultural wastes (Thirumavalavan et al., 2008), and a pH of 5 the best for both 
doubling time and biomass growth rate (K. C. Cheng et al., 2011). These findings support 
our observations that greatest doubling time in live cell counts occurred at 8-12 h, when 
pH entered the 4.9-5.3 range (Figure 5.1a). This could be why the control pH never drops 
below 6, with lower numbers of live cells produced. However, low pH and live cell 
counts, or doubling time do not correlate perfectly in our findings. For example, at 24 h, 
the 15 g/L sucrose concentration has the highest number of live cells, but remains at pH 
5.2, while the 50 g/L sucrose is at 4.7.  
Hemocytometer counts, optical density, and dry cell mass were monitored for the 
first 24 h to determine if high or low sucrose concentration influenced growth kinetics. 
There was not a statistical difference between live cell counts of any sucrose 
concentration besides the control (Figure 5.1a). Even though there was difference in 
number of dead cells between concentrations, in the 24 h timeframe it did not seem to 
directly relate to substantial decrease in live cells for lower sucrose concentrations. 
Additionally, at 24 h only the 5 g/L sucrose concentration differed from all other sucrose 
concentrations tested. Dry cell mass did show differences at 12 h, but not 24 h between 
any besides control (Table 5.1). This could suggest that within the first 24 h, high sucrose 
concentration has little effect on bolstering growth. Some researchers have suggested that 
excess sucrose concentration may have an inhibitory effect on A. pullulans growth. When 
comparing sucrose concentrations of 4, 5, 6, 8, and 10% sucrose, a sucrose concentration 
of over 5% resulted in decreased specific growth rate over 3 days (Shin et al., 1987). 
While our sucrose concentrations are all lower than 5%, it is possible that when studied in 
a shorter time frame, such as the first 24 h, a higher sucrose concentration of 50 g/L may 
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have this effect. As a result, even though there is more carbon source, it does not 
necessarily result in higher cell counts, optical density, and DCM in this time frame.  
When % BRIX sugars are considered, it is apparent that a small % BRIX sugar is 
utilized within the first 24 h and is relatively similar (0.5-1.1% BRIX) amount for all 
concentrations as mentioned previously (Table 5.1). A study by Bermejo et al (1981) 
finds similar results when studying glucose utilized by A. pullulans. That study found that 
only media with 1% glucose was utilized completely within the first three days, while 
media with 2, 3, and 5% were not. Instead within the first three days, the media with the 
2-5% glucose resulted in production of polymer glucan (Bermejo et al., 1981). Our 
results show at 24 h there is a larger amount of % BRIX sugar remaining for higher 
sucrose concentration. However, the lower sucrose concentrations at 5 and 10 g/L are not 
entirely utilized either. A 72-h study of these two lowest sugar concentrations were 
therefore conducted to determine at which timepoint low sucrose concentration becomes 
determinantal to cell growth.  
5.2.3 Batch Trials using 500 mL Flasks 
  For the first 24 hour, results for optical density, pH, live, dead, and budding cell 
counts were similar to preliminary trials (Table 5.1 and Table 5.2). The only difference 
shown includes a slightly lower dry cell mass for batch trials at 24 h, and a lower overall 
% BRIX concentration 10 g/L in batch trials. The % BRIX sugars could impact dry cell 
mass, if residual sugars are not all separated out by centrifugation. This could potentially 
result in higher dry cell mass. The colony morphology of batch trials followed the same 
trend as preliminary trials for all four sucrose concentrations in the first 24 h.   
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 After 24 h colony morphology remained in yeast like form. Yeast-like 
morphology predominates in other studies where continuous culture was maintained 
without fed nutrient additions for long periods of time (Catley, 1980; Reeslev et al., 
1993). Morphology may be impacting why live cell counts do not have as great of 
doubling time after 12 h. There is no change to larger morphology with budding cells 
after 24 h, only yeast like cells with one budding cell. As a result, counts do increase after 
24 h, just not as quickly as in the first 8-12 h.  
After 28 h, cell counts, optical density, dry cell mass, and a pH over 7 indicate 5 
g/L sucrose is not increasing overall growth rate. Cell growth does not slow so 
dramatically after the first 24 h at 10 g/L sucrose. Live cell counts initial decrease while 
dead cells increase. However, between 36-48 h, steep increase in live cells, matching 
decreases in dead cells, and a fluctuating pH below 6 occur. A similar occurrence in 
another study was termed a second wave exponential phase. At a glucose concentration 
of 3%, two peaks in dry cell mass were apparent, which was hypothesized to be due to 
larger cell mass (Bermejo et al., 1981). However, our results show only yeast like cells at 
this timepoint. Instead, we believe our results are more like Saccharomyces cerevisiae 
alkali/acidic growth described by Palkova et al (2002). S. cerevisiae yeast like cells had 
slower growth in alkali periods which allowed for increased growth and acidic conditions 
in an oscillation like occurrence (Palkova, 2002). Our results show a similar growth trend 
until after 48 h, when pH is consistently rising above 6 (Figure 5.2c). 
 In the 50 g/L sucrose concentration growth increases as pH remains between 3-4 
up to 72 h. As discussed above optimum A. pullulans growth on carbon substrates occurs 
at a pH range of 4-5 (K. C. Cheng et al., 2011; Thirumavalavan et al., 2008). No 
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fluctuation occurs as live cell counts, dry cell mass, and optical density increases at 50 
g/L sucrose. Instead, data indicates growth increases steadily, with only a slight decrease 
between 60 and 72 h. When 3-5% sucrose is used in other studies, growth can be 
supported for as many as 3-5 days (Seo et al., 2014; Shin et al., 1987; L. Simon et al., 
1993; Thomas P West & Reed-Hamer, 1991)). A longer study would be needed to 
determine if A. pullulans were entering stationary phase in 50 g/L sucrose by 72 h.    
5.2.4 Bioflo Trials at 3 L Working Volume 
 Trends in terms of significance for increasing or decreasing cell counts, optical 
density, pH, and % BRIX were similar between batch and Bioflo trials. However, 
numbers of live and dead cells and optical density were lower overall compared to batch 
trials. This observation is similar to increased remaining % BRIX sugar at 72 h for 10 and 
50 g/L sucrose. Aeration at 0.5 vvm and mechanical stirring inside the vessel were added 
factors in Bioflo trials. Aeration rates of 0.5-3.0 vvm have been studied in relation to A. 
pullulans growth rate (K.-C. Cheng et al., 2011a; Göksungur et al., 2005). However, the 
addition of aeration did not affect colony morphology changes in our study. Colony 
morphology change in 8-12 h was consistent, and yeast cells predominated from 24-72 h 
just as with preliminary and batch trials. Mechanical stirring inside the Bioflo at 150 
RPM also did not seem to impact size or ability to form blastospores, chlamydospores, 
and longer hyphae with septae. Agitation rates in literature in similar sized tanks used for 
A. pullulans range from 200-1000 RPM. Both lower agitation of 200 RPM (K.-C. Cheng 
et al., 2011a) and higher agitation rates of 600-800 RPM (Gniewosz et al., 2013) have 
been found to result in highest biomass. It is possible that lower agitation rate with the 
higher working volume resulted in lower cell counts we observed.  
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 Decreased numbers of live and dead cells may have impacted pH in Bioflo trials. 
The overall trend in pH increase for 0, 5, and 10 g/L sucrose concentrations and decrease 
for 50 g/L is similar from 24-72 h. However, at 10 g/L sucrose final pH is 6.1, compared 
to 7.95 in batch flask trials. Lower pH could potentially be the result of lower numbers of 
dead cells counts at 72 h (a quarter of the number compared to batch trials) (Table 5.1 
and Table 5.2). Studies with Saccharomyces cerevisiae have shown yeast cells release 
ammonia under stressful environmental conditions. Ammonia release can act as a signal 
to nearby cells during nutrient depletion (Palkova, 2002; Váchová & Palková, 2005). If 
many cells are releasing ammonia under nutrient depletion, this could account for the 
higher pH in batch trials compared to Bioflo trials. Additionally, higher amounts of % 
BRIX sugars remained at 72 h for the 10 g/L sucrose concentration. It is possible that 
cells at this stage had not reached the same level of nutrient starvation as compared to 
those in batch trials. 
 Many studies have been reported focusing on whether morphology is linked to 
pullulan production. Yeast-like (Catley, 1980; Dominguez et al., 1978),  young 
blastospores and yeast-like cells (Catley, 1980; H Guterman & Y Shabtai, 1996), swollen 
cells (B.-x. Li et al., 2009; L Simon et al., 1993), and chlamydospores (Campbell et al., 
2004), have been found to result in optimal pullulan production. All of four of these 
morphology types were apparent between 8-12 h of Bioflo fermentation, excluding the 
control. Results clearly indicated that there was no difference in pullulan production 
between 5, 10, and 50 g/L sucrose in the first 12 h. Additionally, pullulan increased after 
12 h, even though yeast cells were the only morphology type present in cell culture. By 
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72 h, the initial sucrose concentration is shown to affect the level of pullulan production 
significantly.  
Final crude pullulan concentration at 50 g/L (Table 5.4) was comparable to other 
studies using the same sucrose concentration at slight higher agitation rates and later 
timepoints: 8 g/L crude pullulan at 5 days at 200 RPM (Thomas P West & Reed-Hamer, 
1991), between 5-10 g/L pullulan at 4 days at 200 RPM (Gniewosz et al., 2013), and 14 
g/L at 3 days at 200 RPM (Göksungur et al., 2005). Our agitation rate was relatively low 
at 150 RPM. However, in several studies, as agitation rate is increased from 400-800 
RPM, pullulan production increases (15-26 g/L) (Gibson & Coughlin, 2002; Gniewosz et 
al., 2013; J.-H. Lee et al., 2001). Lower sucrose concentrations at 5 and 10 g/L produced 
very little pullulan (Table 5.4). Most studies find that higher sucrose concentrations (50-
140 g/L) (Hong Jiang et al., 2018; Seo et al., 2014; Sheng et al., 2016), as well as high 
sugar waste materials (Lazaridou et al., 2002; Sharma et al., 2013; Thirumavalavan et al., 
2008) resulted in increased pullulan production levels above 30 g/L.  
5.3 CONCLUSION  
The results showed that initial sucrose concentrations had no influence on the ability 
of A. pullulans to change colony morphology. Irrespective of the sucrose concentration 
and size of fermentation, colony change from yeast-like to blastospores, swollen cells, 
chlamydospores, and hyphal structures was found to be occurred between 8-12 h of 
incubation. Change in morphology brought a marked decrease in pH of the media, with 
the largest decrease in pH between at this timepoint. Results of live cell count suggested 
that initial sucrose concentration may not have significant influence on the growth rate 
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during first 24 h. However, sucrose concentration seems to have significant effect on 
growth rate during longer incubation time. For example, between 28 to 48 h of 
incubation, 5 and 10 g/L sucrose resulted in decreased growth, increased pH, and 
utilization of BRIX sugars, while 50 g/L sucrose continued to decrease pH suggesting 
continued growth beyond 72 h is possible. Scale up to Bioflo showed similar trends in 
growth, but slightly lower cell counts and % BRIX sugar utilization. Results also 
indicated that the high level of initial sucrose concentration would lead to the production 
of high amount of pullulan. Longer growth trials show the importance of a higher sucrose 
concentration, which resulted in increasing pullulan production and sustained growth up 




6. CHAPTER VI. SUMMARY AND CONCLUSIONS 
 
Glyceollin enriched soybean (GES) and pullulan are two products produced as the 
result of fungal fermentation. GES enhances the value of soybeans, as both an 
antimicrobial and health promoting metabolite (H. J. Kim, H.-J. Suh, C. H. Lee, et al., 
2010; Pham et al., 2019). Biopolymer formation of pullulan by Aureobasidium pullulans 
enhances the value of low-cost sugar substrates, such as soybean processing waste water 
(Al Loman & Ju, 2016), as the polymer is used as a film, bioplastic, and micelle 
(Leathers, 2003; Rishi et al., 2020; Singh et al., 2019). The main challenge associated 
with glyceollin production is low glyceollin titers, as well as high variation in titer 
depending on soybean variety or fungal strain (I. S. Park et al., 2017). The challenge 
associated with pullulan production from substrates such as wastewater is adequate 
sucrose environment for polymer formation (K. C. Cheng et al., 2011).  
In order to examine relationship of soybean variety to glyceollin production, 
varieties were acquired with broad maturity level. Two fungal spore inoculums 
(Aspergillus sojae and Trichoderma reesei) were also compared.  Soybean variety was 
found to have a significant impact to glyceollin titer at each timepoint from 24 h to 120 h 
for both fungal inoculums. At 96 h, total glyceollin increased with increasing maturity of 
genetically modified beans for both A. sojae and T. reesei. The highest yielding soybean 
variety for both fungal inoculums, AG69X6, also has highest maturity. Lower maturity 
conventional variety C226N show significantly lower glyceollin for T. reesei and A. 
sojae. C108N was the only soybean variety to have high glyceollin titer for A. sojae, but 
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significantly lower for T. reesei. This variety also had significantly higher total daidzein 
and genistein production, as compared to all other varieties inoculated with T. reesei.  
Use of A. sojae fungal mycelium in GYE did not result in glyceollin production, so 
spore inoculum was chosen to compare the two fungal strains. Previous results from our 
research team show T. reesei to result in highest titers from mycelial inoculum (Wootton, 
2019). Surprisingly however, our results show T. reesei spore inoculum resulted in 
significantly higher total glyceollin at 96 h compared to mycelial inoculum. This may 
have resulted from the 7-day incubation used for both fungal inoculums, as compared to 
48 h incubation used in previous study. Both fungal spore inoculum resulted in 
significantly higher total glyceollin after 24 h incubation compared to the control, except 
for one outlier soybean variety and fungal inoculum. Comparison of the two fungal spore 
inoculum shows T. reesei results in higher average total glyceollin as compared to A. 
sojae for all varieties except C108N. T. reesei especially showed significance at the 120 h 
incubation. Highest glyceollin titer occurred with variety AG69X6, and was 2.416±0.198 
for T. reesei at 120 h and 1.452±0.494 for A. sojae at 96 h. To our knowledge, this is the 
first study comparing the two fungal strains directly, and the first to show the advantage 
of T. reesei.  
Isoflavone analysis shows a similar decrease in glucoside isoflavones (daidzin and 
genistin), and a slight increase in aglycone isoflavones (daidzein and genistein) from 0 to 
96 h for both fungal inoculums for all varieties, but only with a few varieties for the 
control. This trend was apparent for all soybean varieties for both fungal inoculums, 
except with the outlier C108N inoculated with T. reesei, where a substantial increase in 
daidzein and genistein and very low glyceollin titer at 96 h was observed. While similar 
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isoflavone trends were apparent with each variety, they only correlated moderately with 
total glyceollin production. 
Soybeans susceptible to fungal disease were inoculated with A. sojae to further 
examine the effect of soybean variety on glyceollin titer. Compared to highest yielding 
maturity variety AG69X6, none of the susceptible soybean varieties resulted in 
significantly higher total glyceollin at 96 or 120 h. Susceptible soybeans showed much 
lower levels of total isoflavones, daidzin, and genistin; however, these varieties still 
showed similar trend with decreasing levels of glucosides and increasing levels of 
aglycones.  
To further enhance glyceollin titer, a co-treatment of fungal inoculum and UV light 
was examined on highest glyceollin yielding soybean variety AG69X6 using. A trial 
comparing A. sojae stock inoculum to 1:2 diluted A. sojae inoculum shows no significant 
difference between the two at 96 or 120 h for total glyceollin. As a result, we concluded 
that all UV light trials were comparable, even though each A. sojae inoculum had slight 
variation in fungal spore counts from hemocytometer and SFU/mL. 
Co-treatment of fungal inoculum and UV light was examined on both dehulled and 
hulled beans. De-hulled beans showed significantly higher total glyceollin for the co-
treatment as compared to hulled beans. Exposure times of 15, 10, and 5 minutes were 
also examined on dehulled beans for the UV light only treatment, A. sojae fungal spore 
inoculum treatment, and UV light and A. sojae spore treatments. The exposure time did 
not have a significant effect to total glyceollin; however, the co-treatment did show 
highest average total glyceollin at 15-minute UV exposure time.  
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Control, UV light only, A. sojae fungal inoculum only, and UV light + A. sojae 
spore elicitor treatments were compared. At each UV light exposure time, the co-
treatment resulted in highest glyceollin titers, followed by the fungal only treatment. UV 
light and control treatments were statistically similar. The co-treatment resulted in 
significantly higher total glyceollin at 10 minutes exposure time but was similar to the 
fungal only treatment at 15- and 5-minute UV exposure time at p<0.05. The success of 
the UV light and A. sojae elicitor treatment is promising to promote higher glyceollin 
titers and should be further researched to reduce variation in results. Additionally, 
dehulled soybeans and 15-minute UV light exposure time should be used for the co-
treatment parameters.  
Isoflavone analysis of the UV light and A. sojae inoculum co-treatment study 
shows that dehulled and hulled soybeans have different levels of aglycone isoflavones, 
daidzein and genistein. The hulled beans show a larger increase in both daidzein and 
genistein from 0 to 96 h, with very low total glyceollin for control, UV light only, fungal 
inoculum only, and UV + A. sojae spore treatment. This is similar to results for soybean 
variety C108N inoculated with T. reesei spores, where increase in daidzein and genistein 
were very higher, but glyceollin titer very low. Dehulled soybeans show decreased levels 
of glucosides daidzin and genistin from 0 to 96 h for all four elicitor treatments, with 
lowest levels shown at 96 h for the A. sojae fungal inoculum and UV light and A. sojae 
inoculum co-treatment. This result is similar to our study with soybean varieties of 
varying maturity. Unexpectedly, both daidzein and genistein decrease over 96 h for each 
of the four elicitor treatments. This was contrary to increase in daidzein for AG69X6 
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shown in our previous study with soybean of varying maturity level. While this result 
was unexpected, it did not seem to impact total glyceollin production.  
Aureobasidium pullulans fermentation in low sucrose concentration medium (0, 
5, 10, 15, 20, 25, and 50 g/L) show no significant difference in hemocytometer live cell 
counts over the first 24 h. This led us to the conclusion that it is possible for low sucrose 
concentrations (5 and 10 g/L) to support growth compared to 50 g/L for short 
fermentation time. To test the ability of A. pullulans to survive on low sucrose medium 
for long periods of time, a 72 h trial was carried out at larger flask size with sample 
points every 4 h during the day. Results suggest that 5 g/L can be utilized for 28 h, and 10 
g/L for 48 h before dead cell counts and pH rise to unsuitable levels. 50 g/L sucrose 
allowed for live cell count increase to 72 h, at a stable pH level of 3-4.  
Throughout the preliminary and batch trials, change in colony morphology was 
observed during hemocytometer counts during the first 12 h of fermentation. Yeast cell 
type was observed at 4 h, with larger swollen cells with buds and blastospheres appearing 
at 8 h. Chlamydospores, or cells with long germination tubes, were visible at 8 and 12 h, 
and even mycelial networks apparent at 12. These results align with the highly diverse 
morphological nature of A. pullulans (Dominguez et al., 1978).  
Trials in 5 L Bioflo were carried out in order to monitor pullulan production at 
low sucrose concentration (5 and 10 g/L) compared to 50 g/L. Results in growth kinetics 
were similar to batch and preliminary trials, with slightly lower over cell counts. We 
hypothesize that mixing conditions within the bioreactor may have been the cause. 
Pullulan production was shown to be significantly similar between the 5, 10, and 50 g/L 
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at 8 and 12 h. At 72 h, the 50 g/L had a significantly higher pullulan concentration. These 
results suggest that low sucrose concentration can support growth in the first 24 h, even 
up to 48 h at low 10 g/L sucrose. However, when pullulan production is desired, sucrose 
concentration of at least 50 g/L is necessary for extended fermentation time.  
Future work for glyceollin elicitation should include co-treatment with UV light 
and fungal inoculum. While there was no significant difference between 5, 10, and 15 
minute times – a potential long period of exposure up to 1 h could be tested. Scale up of 
the co-treatment should also be studied. The UV light exposure of 15 minutes with A. 
sojae fungal spore inoculum is recommended, with titers averaging over 3 mg/g. Scale up 
parameters could include fungal inoculation methods, mass soybean dehulling methods, 
large scale incubation, and keeping soybeans contaminant free during incubation process. 
Large scale production of glyceollin enriched soybeans (GES) would be beneficial for 
future research. GES can be utilized as an antimicrobial feed product, or a potential 
therapeutic agent for humans. Production of high level of GES will drive this research in 
the future. Testing antimicrobial efficiency of the GES could also be done using test 
microbes. Additionally, testing for antinutritional factors such as trypsin inhibitors would 
be useful, to determine if GES had lower concentration after fungal inoculation.  
Future work for production of pullulan should include determination of growth 
kinetics on soybean wastewater stream. A. pullulans has normal growth kinetics for the 
first 24 h with very low sucrose concentrations (5 g/L). For pullulan production, 50 g/L 
was suitable after fermentation for 72 h. The use of soybean wastewater should be 
studied at 5 L Bioflo level to best determine pullulan production. If this agricultural waste 
source can be utilized by A. pullulans, it would be a low-cost substrate for pullulan 
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production. Production of pullulan will be important into the future, as it becomes an 
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